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ABSTRACT 
Vitamin A is a fat-soiuble nutrient which is essential for optimal vision, growth and cell 
differentiation. Newbom animals have a less effective immune system than adults. 
Metabolites of vitamin A such as the retinoic acids (RA) modulate immune function. Newbom 
calves have negligible vitamin A (retinol) in the liver and circulation and high levels of a novel 
isomer of RA (9,13-ift-cw-RA). The objective of this dissertation was to evaluate the effect of 
the vitamin A status of newbom calves on their immune responsiveness. We show that 
physiologic concentrations of 9,13-^i/-ciy-RA did not influence the ability of peripheral blood 
mononuclear leukocytes (PBMNL) from neonatal, precolostral calves to proliferate or produce 
polyclonal immunoglobulin M (IgM) or interferon-y (IFN-y) in response to pxDkeweed mitogen 
in vitro. Studies by others suggested that 9,13-i/i-cw-RA was a biologically inactive metabolite 
but it could generate biologically active 9-ci5-RA. To prevent high levels in circulation, 
newbom calves were fed a diet deprived of fat-soluble vitamins or their precursors. This 
procedure prevented the rise of fat-soluble vitamins metabolites such as RAs, retinol, a-
tocopherol and their precursors (P-carotene) in the senmi of these calves when compared to 
controls. However, the phenotype and in vitro immune responses of PBMNL were not 
different between control and treated calves. We show that ratios of major histocompatibility 
complex (MHC) class ir cells/CDS"^ T lymphocytes, proliferation and IFN-y production by 
PBMNL from all calves were lowest at 1-4 days of age. Susceptibility to diseases may be 
enhanced during this period. Our third study indicated that the ability of PBMNL from 
newborn calves to produce nitric oxide (NO) (a mechanism of non-specific defense) was 
modulated by dietary vitamins A and E. The calves that were fed National Research Council-
recommended levels of retinyl acetate (vitamin A) (or 20-fold higher levels) and d-a-iocopherol 
(vitamin E) but not those that were fed very low or high vitamin A or d-a-tocopheryl acetate. 
VI 
had PBMNL which produced NO at levels similar to adult animals. Optimal dietar>' vitamins A 
and E may be essential for the maturation of aspects of irmate immunity in the newborn calf 
towards an adult phenotype. 
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CHAPTER 1. GENERAL EVTRODUCTION 
Introduction 
Vitamin A is a fat-soluble vitamin which has been associated with enhanced disease 
resistance in many animal species. Retinoic acids (RAs) are vitamin A metabolites believed to 
be responsible for many of these effects. Newborn animals are more susceptible to infectious 
diseases than adults, a possible consequence of the immaturity of their inmiune systems. Also, 
neonates differ from adults with respect to their vitamin A status and metabolism. 
At birth, calves have very low levels of vitamin A in the circulation and in the liver. 
Recently, the levels of 9,13-£&"-cis-RA were shown to increase dramatically in the plasma of 
calves soon after birth. In our studies, we have evaluated the relationship between the vitamin 
A status and immune function in newborn calves. 
Dissertation Organization 
This dissertation includes three manuscripts. In chapters 2 (Manuscript 1) and 3 
(Manuscript 2) respectively, are described an in vitro and an in vivo approach to examine the 
effects of 9,13-£i-cis-RA on immune responses of newbom calves. Manuscript 1 was 
published in the Journal of Nutritional Immunology. Manuscript 2 was published in the 
Journal of Dairy Science. Chapter 4 (Manuscript 3) examines the effects of different dietary 
levels of vitamin A on one aspect of the innate immune system of newbom calves, i.e. nitric 
oxide production by blood mononuclear leukocytes. Manuscript 3 will be submitted to 
Veterinary Immunology and Immunopathology. A review of the literature precedes Manuscript 
1 and a general conclusion follows Manuscript 3. Articles cited in each chapter are included at 
the end of the respective chapters. 
Literature Review 
Biology of vitamin A 
Absorption, assimilation and metabolism 
Vitamin A is a fat-soluble vitamin. It is an essential nutrient that must be provided in the 
diet. The term "vitamin A" refers to a group of compounds with the biologic activity of retinoi 
or its metabolites, whereas the term retinoids refers to natural and synthetic forms of retinoi or 
its metabolites independent of their biologic activity. Domestic cattle obtain vitamin A from 
green plants primarily as provitamin A compounds (carotenoids) or as dietary supplements in 
the form of retinyl esters (retinyl palmitate or retinyl acetate). 
Assimilation, absorption and metabolism of vitamin A and its precursors have been well-
studied in rodents and humans and are the subject of numerous reviews (5, 8, 78). These 
processes are believed to be similar in rtmiinants (52). 
Ingested carotenoids are absorbed by enterocytes in the ileum by passive diffusion, p-
Carotene is more readily absorbed than other carotenoids. Within enterocytes, p-carotene can 
be incorporated into chylomicrons. It can also undergo enzymatic cleavage at the central 
double bond to yield retinal (44, 79) which is reduced to retinoi, or peripheral cleavage (104, 
112, 113) to yield apocarotenals which are converted to RAs or retinoi. The efficiency of 
conversion of p-carotene to retinoi differs between breeds of cows with the efficiency being 
greater in Holstein cattle thzm in Jerseys or Guernseys. Also, diets with large amounts of p-
carotene were found to reduce absorption of p-carotene and its conversion to retinoi (52). In 
general, in ruminants, about one-sixth of the absorbed p-carotene or one-twelfth of other 
carotenoids is converted to retinoi. 
Retinyl esters in the diet are broken down by hydrolases in the intestinal lumen and 
converted into retinoi. Retinoi is absorbed by facilitated diffusion at low concentrations and by 
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passive diffusion at pharmacologic concentrations. 
Retinol within enterocytes binds with high affinity to cellular retinol binding protein II 
[CRBP(II)]. Retinol in the form of holo-CRBP(II) is esterified by the enzyme lecithinrretinol 
acyl transferase (LRAT) (63, 81) in microsomes and these retinyl esters are incorporated into 
chylomicrons. A cytosolic enzyme acetyl coenzyme A:RAT (ARAT) (51) can esterify unbound 
retinol and is believed to be responsible for esterification of excess retinol in the cytoplasm after 
the CRBP(n) becomes saturated. 
Chylomicrons are released from the enterocytes into the lymphatics where they are acted 
upon by lipases to yield chylomicron remnants (CMR). The CMR are taken up by 
parenchymal cells in the liver where they are further processed (7). The low density lipoprotein 
receptor may be involved in uptake of CMR by hepatocytes. Retinyl ester hydrolases in 
endosomes within parenchymal cells release retinol from the CMR. Retinol in the endosomes 
is transferred to the Golgi apparatus where it complexes with retinol binding protein (RBP). 
Retinol-RBP complexes are secreted and are the major circulating form of vitamin A. The RBP 
is not secreted in the absence of retinol. Retinol-RBP complexes can also be taken up by 
stellate cells in the liver where the retinol is esterified and stored in cytoplasmic lipid droplets as 
retinyl esters, primarily as retinyl palmitate. Thus, the liver stores vitamin A as retinyl esters 
and releases it into the circulation as retinol-RBP complexes. During hypervitaminosis A the 
liver may also secrete into the circulation, retinyl esters in association with lipoproteins (31). 
Carotenoids that are not converted to retinoids are secreted in association with lipoproteins 
(78). 
Steady-state levels of holo-RBP are maintained despite wide variations in dietary intake and 
hver stores of vitamin A. Also, intracellular concentrations of retinol, retinal and RAs are 
tightly regulated. The different enzymes involved in vitamin A metabolism orchestrate with 
retinoid binding proteins in order to achieve this effect 
Cellular retinol binding proteins (CRBPs) bind retinal as well as retinol. Cellular retinol 
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binding protein (I) is found in several tissues (82), whereas CRBP (II) is found mainly in the 
intestinal enterocytes (26). Cellular RA binding proteins (CRABPs) bind RAs. The 
distribution of CRABP(I) is widespread whereas CRABP(II) is found mainly in the skin (82). 
These binding proteins bind to retinoids with high affinity. They not only sequester retinoids 
and protect them from uncontrolled isomerization or degradation, but also protect the cell from 
the damaging effects of these amphipathic molecules. In addition, they channel the retinoids to 
the appropriate enzymes involved in vitamin A metjibolism (73, 80). 
Higher proportions of apo-CRBP in cells would be an indication of deficiency of retinol. 
Apo-CRBP regulates enzymes infiuencing retinol homeostasis in the circulation. Some of the 
enzymes involved in retinoid metabolism and their regulation are outlined in Table 1. 
Retinol-RBP is normally associated with transthyretin (TTR). There is a small quantity of 
free retinol in the circulation. Retinol-RBP may be taken up by extrahepatic tissue and 
metabolised to RA where they may be utilized by the cells or released into the circulation. 
Retinoic acids circulate bound to serum albumin. They may undergo glucuronidation primarily 
in the intestine but also in the liver, to generate water-soluble retinoyl p-glucuronides (40). 
Thus, several forms of vitamin A are found in the circulation and utilized by extrahepatic 
tissue (Table 2). Structures of p-carotene and vitamin A metabohtes are shown in Rgure I. 
Holo-RBP is the primary source of vitamin A for most extrahepatic tissues and is believed to 
be taken up by cells via a receptor for RBP or due to the movement of free retinol across cell 
membranes (10). Over 90% of the retinol taken up by cells is recycled back into plasma. The 
remaining is stored or oxidized to retinal and RA which are converted to other polar metabolites 
such as the oxo- or epoxy forms or the p-glucuronides and excreted (5). 
Some tissues including those of the immune system, have been shown to utilize other 
circulating forms of vitamin A. Approximately 20% of the retinoid pool of rat spleens is 
contributed by plasma RA (62). Retinyl esters in CMR are taken up by perisinusoidal 
macrophages, splenocytes (57) and myeloid leukemic cells (11). B lymphocytes 
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Table 1. Enzymes , retinoid binding proteins and retinol homeostasis (73, 80). 
Enzyme 
(location) 
Reaction Regulation Effect during vitamin A 
deficiency 
LRAT 
(liver 
microsomes) 
retinol-CRBP(I) -• 
retinyl ester + 
CRBP(I) 
i by 
apoCRBP(I) 
i esterification, 
i storage 
LRAT 
(intestinal 
microsomes) 
retinoI-CRBP(II) -• 
retinyl ester + 
CRBP(II) 
Unaffected 
by 
apoCRBP(II) 
Assimilation of vitamin A from 
the diet is unaffected 
Retinyl Ester 
Hydrolase 
(microsomes) 
Retinyl ester 
retinol 
T by 
apoCRBP(I) 
t hydrolysis of stored esters to 
release retinol-RBP 
Retinol 
Dehydrogenase 
/RoDH (liver 
microsomes) 
retinol-CRBP(I)-» 
retinal-CRBP(I) 
RA biosynthesis unaffected 
RoDH (liver 
cytosol) 
retinal-CRBP-» 
retinol-CRBP ? 
i by 
apoCRBPd) 
t retinal for RA biosynthesis ? 
Retinal DH 
(liver cytosol) 
retinal-CRBP-* 
RA + CRBP 
- RA biosynthesis unaffected 
P450 
(microsomes) 
RA-CRABP--
metabolites + 
CRABP 
- RA metabolism unaffected 
are responsive to physiologic concentrations of retinyl esters in CMR (6). Retinoyl 
glucuronides are known to promote the differentiation of a myeloid cell line in vitro (42, 122) 
and could possibly serve as slow-release precursors of RA. These observations suggest that 
alternative forms of vitamin A are important sources of the vitamin to cells. 
Biologic activity 
Vitamin A is essential for many biologic processes such as vision, growth, differentiation 
and maturation of various cell types. 
Retinol is essential for the survival and activation of B and T lymphocytes in vitro. There is 
6 
Table 2. Commonly occurring forms of vitamin A or precursors in the circulation. 
Metabolite Source Bound to Fluctuations References 
Retinol Liver RBP-TTR 
or 
unbound 
Steady-state levels 
maintained. 
4 in severe vitamin A 
deficiency. 
(5, 8) 
P-Carotene Intestine 
(diet) 
Liver 
Chylomicrons, 
CMR 
Lipoproteins 
t after a meal rich in P-
carotene 
(78) 
Retinyl esters Intestine 
(diet) 
Chylomicron 
(remnants) 
t after a meal rich in 
vitamin A. 
(8) 
Liver Lipoproteins t during hypervitaminosis 
A. 
(31) 
Retinoic acids Liver 
other cell 
types 
Albumin 1 in severe \itamin A 
deficiency. 
(9) 
Retinoyl P-
glucuronides 
Intestine 
, liver 
Unbound t after administration of RA (5) 
evidence to indicate that it is metaboUsed to a compound called 14-hydroxy retro retinol which 
could act as an intracellular signalling molecule (14, 43). 
Retinoic acids are responsible for inducing differentiation and maturation of cells. They bind 
to cognate nuclear receptors which act as ligand-activated transcription factors and influence 
gene expression (65). Pleiotropic effects of RA are mediated through two families of nuclear 
receptors that are members of the steroid/ thyroid superfamily of ligand-activated transcription 
factors. These are the RA receptors (RARs) and the retinoic X receptors (RXRs). Each of 
these receptor families consists of three subtypes and each subtype has multiple isoforms. The 
type and isoform of receptor expressed depends on the cell type and its stage of differentiation 
(66). All-/ranj-RA is a high affinity ligand for RARs, while 9-cw-RA binds RARs and RXRs 
with high affinity. 
Retinyl palmitate 
0-C-(CH2)7CH3 
o 
W\-trans P - carotcnc 
Qc 
A I K  
All-trans retinol All-fro/is retinal 
14-Hydroxy-retro retinol M\-trans retinoic acid (RA) 9-c/.vRA 
COOH 
Ali-Zra/is retinoyi (3 glucuronide 
OH 
9,!3-<//-c»s RA 
Figure 1. Chemical structures of commonly occurring vitamin A and provitamin A compountis. 
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The RARs and RXRs bind to DNA as homo- or heterodimers. The DNA response element 
for these receptors consists of direct repeats of the consensus sequence AGGTCA separated by 
a defined number of nucleotides. The RXRs can also heterodimerise with the vitamin D 
receptor and the thyroid receptor. Binding of the ligand induces dimerisation and binding of 
the dimer to specific response elements in the DNA resulting in the enhamcement or inhibition 
of gene transcription. These dimers may also inhibit and may be inhibited by transcription 
factors such as AP-1, by protein-protein interactions (86). 
Vitamin A and the immune system 
Since the eariy 19(X)s strong associations between vitamin A and disease resistance have 
been made. In the 1920s, this vitamin was referred to as an "anti-infective agent" (45). 
Significant advances in understanding the biology of vitamin A as well as the immune system 
have made it possible to dissect out some of the mechanisms by which vitamin A exerts these 
effects. 
Growth and differentiation 
The skin and mucous membranes form a physical barrier between the organism and the 
external environment and are an important first line of defense against pathogens. RAs are 
essential for the normal maturation and differentiation of cells at epithelial surfaces (29). Thus, 
they are responsible for maintaining the integrity of epithelial surfaces. 
The RAR-a is expressed in hematopoietic cells in different stages of development (61) 
which suggests a role for RA in the growth /differentiation of hematopoietic cells. Studies with 
myeloid cell lines and cells from humans with acute promyelocytic leukemia (APL) indicate that 
RAs are involved in the differentiation of myeloid precursors into neutrophils. All-/rany-
retinoic acid induces the expression of a neutrophilic phenotype in an eosinophilic cell line. 
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This change is associated with increased responsiveness of the cell line to granulocyte-colony 
stimulating factor (G-CSF) instead of interleukin (IL)-5 (85). All /ron^-retinoic acid increases 
IL-1 and G-CSF production in leukemic cells from humans with APL (32, 111) and treatment 
with all trans-RA results in the differentiation of these cells into mature neutrophils (56). 
Treatment of an immature hematopoietic cell line HL-60 with certain combinations of RAs cind 
1,25 dihydroxyvitamin D (1, 25 (OH)2D) induces differentiation towards neutrophils or 
monocytes (16). Expression of a dominant-negative RAR-a in a multipotent progenitor stem 
cell results in a switch from differentiation into neutrophils to the production of mast cells 
(110). Thus, it is possible that RAs and other compx)unds like 1,25 (OH)2Dare essential for 
the normal development of neutrophils from myeloid precursors. 
Vitamin A-deficient chickens exhibit impaired development of the thymus and bursa when 
compared to vitamin A-sufficient controls (27). Splenocytes of vitamin A-deficient rats (19) 
show decreased proliferative responses and lymphocytes from vitamin A-deficient chickens 
(100) exhibit decreased proliferation and production of immunoglobulins (Ig) in response to 
stimuh. Semba et al (97) showed that vitamin A-deficient children have lower numbers of 
circulating naive T lymphocytes. Normalcy is restored by vitamin A supplementation. 
Vitamin A supplementation increases thymic size and numbers of thymic small lymphocytes 
(96) in mice. These observations indicate that vitamin A or its metabolites may be involved in 
the normal proliferation and maturation of thymocytes and mature T and B lymphocytes. 
Retinoic acids may play a role in thymic maturation by increasing the ability of thymocytes to 
proliferate in response to cytokines like IL-1 (30) or by upregulating the expression of IL-2 
receptors on thymocytes (98). Retinoic acids prevent apoptosis of thymocytes (59, 119) by 
downregulating the expression of the ligand for Fas (118). Ortiz et al (&3), reported the 
presence of a thymus orphan receptor (TOR) which is expressed primarily in the thymus and in 
T lymphocytes and inhibits activity of RAR and the thyroid receptor. This observation 
indirectly suggests a role for RAs and thyroid hormone in T lymphocyte maturation in the 
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thymus. 
14-Hydroxy-retro retinol, a metabolite of retinol, is believed to be essential for the survival 
of B lymphocytes (15) and for activation of T lymphocytes (43). This compound may be 
essential for the survival and proliferation of mature lymphocytes in secondary lymphoid 
organs. 
Metabolites of vitamin A inhibit proliferation and promote differentiation of B cells into Ig-
producing plasma cells. Treatment with 13-aj-RA enhances IgM production by B cells in 
humans with common variable immunodeficiency (94). In vitro IgM secretion is enhanced in 
mitogen-stimulated bovine blood leukocytes by physiologic concentrations of all-irojos-RA (77) 
or 13-cw-RA (75). This effect could be due to increased pnxluction of IL-6 as seen in Epstein 
Barr Virus-transformed B cell lines treated with RA (2). Although maturation of B cells and 
production of I g is enhanced by retinoids, they inhibit proliferation of human B cells (6), 
human and murine B cell precursors (38) and bovine blood lymphocytes (75) possibly by 
arresting cells in the G1 phase of the cell cycle (6). 
Role of vitamin A in adaptive immune responses 
T helper 1 (Thl) and Th2 CIX"^ T lymphocytes were originally described in mouse and 
human models (72). These two types of T lymphocytes are characterized by the profiles of 
cytokines they secrete. T helper 1 cells secrete cytokines (IFN-y, IL-2, lymphoto.xins) which 
promote cell-mediated types of immune responses involving cytotoxic and inflammatory 
reactions. T helper 2 cytokines (IL-4, IL-5, IL-6, IL-10, IL-13) promote isotype switching to 
IgE or IgA, eosinophil proliferation and function and are associated with strong antibody-
mediated and allergic responses. Some cytokines such as timior necrosis factor (TNF)-a, IL-
3, granulocyte-macrophage(GM)-CSF and chemokines are secreted by both types of cells. 
Also some CD4+ T lymphocytes may secrete both Thl and Th2 cytokines. Such cells have 
been termed as ThO cells. Studies with bovine T lymphocytes clones show that these cells 
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secrete Thl and Th2 cytokines (12, 13) but may secrete relatively more of one type of cvtokine 
than the other, thus promoting a predominant cell-mediated or humoral immune response. 
Cytokines produced by Thl and Th2 cells mutually inhibit the differentiation and functional 
capacity of the reciprocal phenotype. These different cytokine patterns are important in 
mediating resistance to a variety of infectious diseases. In general, intracellular infections are 
more effectively cleared by a cell-mediated or Thl type of immune response, whereas 
infectious agents which subsist in an extracellular mileu are readily eliminated by an antibody-
mediated humoral or Th2 type of an immune response (72). Recently a third type of T 
lymphocyte, the Th3 cell has been described. These cells secrete transforming growth 
factor(TGF)-p which is known to have anti-inflammatory effects and to promote isotype 
switching to the IgA isotype. 
Mucosal immunitv: Immunoglobulin A is a major class of antibody which is actively secreted 
at epithelial surfaces. It constitutes 60-10% of the total output of antibodies and plays an 
important role in neutralizing pathogens and toxins at mucosal surfaces. Cytokines such as IL-
5 and TGF-P promote isotype switching of B cells to IgA. 
Children with mild vitamin A deficiency have a higher incidence of respiratory and enteric 
infections than normal children (101). Vitamin A supplementation for children with subclinical 
vitamin A deficiency dramatically reduces mortality from these infections presumably by 
decreasing the severity of infection. Vitamin A-deficient rats immunized orally with cholera 
vaccine have significantly lower levels of antigen-specific IgA in serum and bile, when 
compared to controls (116). Vitamin A-deficient mice infected with Influenza A virus have 
significantly lower anti-influenza IgA in the respiratory tract, and also impaired regeneration of 
normal respiratory epithelium when compared to vitamin A-sufficient controls (102). 
Physiologic concentrations of all enhance IgA production by LPS-stimulated 
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murine spleen cells (106). Treatment with retinoids enhances TGF-p production in human 
monocytes, myeloid cells (103) and in a prostate cancer cell line (92). In conjunction with IL-4 
and IL-5, all trans-RA enhances IgA production by murine B cells (108). 
Thus, vitamin A and/or its metabolites play an important role in mucosal immunity by 
participating in the maintenance of epithelial surfaces and also by regulating cytokine 
production to promote isotype-switching to IgA. 
Systemic immunity: Studies with mice indicate that hypovitaminosis A promotes Thl-type 
responses. Naive splenic cells from vitamin A-deficient mice unlike vitamin A-sufficient 
controls, constimtively express transcripts for IL-12 (which induces IFN-y) and IFN-y (22). 
Murine T lymphocytes specific for myelin basic protein express transcripts for IL-4 and 
decreased mRNA for IFN-y and IL-2 when treated with RA. When retinoids are administered 
to mice with experimental autoimmune encephalomyelitis (which is exacerbated by Thl-
associated cytokines), they exhibit an improved chnical course of the disease (88). In a mouse 
model of Trichinella spiralis infection (a Th2 response is needed for effective clearance of the 
infection), RA increases the frequencies of cells producing IL-5 and decreases IFN-y secretion 
(21). Also, vitamin A-deficient mice show delayed clearance of the disease. 
Lipopolysaccharide-stimulated murine splenic cells express increased mRNA for IL-2, TGF-p 
2, IL-5 and IL-6 when supplemented with all-tran5-RA in vifro (107). Mesenteric lymph node 
cells from vitamin A-deficient mice immunized with egg antigen of Hymenolepis nana produce 
more IFN-y and less IL-2 than vitamin A-sufficient controls (58). Retinoic acid inhibits IFN-y 
by interfering with costimulation through the CD28 pathway in a murine T lymphocyte cell line 
(20). All /ronj-retinoic acid downregulates gene expression from the human IFN-y (23) and 
IL-2 promoters (28). 
Thus, metabolites of vitamin A regulate the expression of various cytokines and inhibit Thl-
type responses while enhancing Th2 and Th3-type immune responses. 
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Role of vitamin A in innate immunity 
Phagcx:vtosis and microbial killing: Neutrophils and activated macrophages phagocytose 
pathogens/antigens. In addition they produce enzymes (transglutaminase, arginase) and 
oxygen and nitrogen radicals which enable them to kill tumor cells and intracellular 
microorganisms. They are also capable of secreting cytokines and other factors such as 
prostaglandins and leukotriennes which enable them to participate in inflammatory reactions. 
Echer et al (36, 37) showed that in vitro supplementation with vitamin A and E improves 
bactericidal activity of macrophages and decreases neutrophil bactericidal activity in 3 or 6 -wk-
old calves. Vitamin A supplementation in the diet improves bacterial clearance and phagocytic 
activity of splenic and peritoneal macrophages and Kupffer cells in rats infected with 
Salmonella typfumuriwn (49). Rat alveolar macrophage activity is enhanced by dietary-
supplementation with vitamins A and E (60). Intraperitoneal but not subcutaneous injection of 
retinol palmitate results in enhanced chemiluminescence (a measure of the oxygen radical 
production) of peritoneal exhudate cells from mice (47). Peritoneal macrophages from vitamin 
A-deficient chickens (infected with Newcastle disease virus or uninfected) show reduced 
phagocytosis and oxygen-dependent killing (99). Phagocytosis is enhanced in nude mice fed 
high doses of retinyl palmitate (114). 
Barbul et al (3) showed that migration of leukocytes, especially macrophages to the site of 
injury is enhanced in vitamin A-supplemented rats when compared to vitamin A-deficient rats 
possibly by induction of the expression of monocyte chemoattractant protein-1 (MCP-1) as 
seen in some RA-treated myeloid cell lines MCP-1 transcripts in myeloid cell lines (18). 
Thus, metabolites of vitamin A could improve resistance to infections by enhancing the 
abilities of phagocytes to engulf and destroy microorganisms. 
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Inflammation: Treatment with retinyl acetate or RA in conjunction with or prior to endotoxin 
stimulation of himian blood mononuclear leukocytes, monocytes or monocyte-derived 
macrophages decreases procoagulant activity by upregulating lipooxygenase products (25). 
Naturally occurring as well as synthetically derived retinoids directly inhibit the activity of 
phospholipase ko in human synovial fluid in vitro (53). This could be one mechanism by 
which retinoids inhibit the release of arachidonic acid and its metabolites (39) and exert anti­
inflammatory effects. All trans retinoic acid inhibits TNF-a production in a macrophage cell 
line (69) as well as IL-l-induced expression of IL-ip, IL-8 and IL-6 by human peripheral 
blood monocytes (46). Habib et al (48) reported reduced superoxide anion production by 
alveolar macrophages by pretreatment with vitamin A in a rat lung injury model. 
Nitric oxide (NO) production is one important component of the innate inmiune system. 
Nitric oxide synthases (NOS) produce NO by the oxidation of one guanido nitrogen of L-
arginine. Several isoforms of this enzyme have been identified and can be broadly divided into 
2 categories: constitutive NOS (cNOS) and inducible NOS (iNOS). Constitutive NOS is 
normally expressed in cells and generates small amounts of NO for short periods of time in 
response to increases in intracellular calcium. Inducible NOS is absent in resting cells and can 
be induced in a variety of cell types including monocytes/macrophages, keratinocytes, 
hepatocytes, kidney cells etc., by stimuli such as bacterizi, cytokines, hormones, hpoproteins 
(33, 70) etc. Once expressed, iNOS can generate a large amount of NO over an extended 
period of time. When produced in low quantities NO acts as an intracellular signalling 
molecule or as a neurotransmitter. When produced in higher quantities for longer periods of 
time, NO acts by itself or in conjunction with oxygen radicals, hydrogen peroxide or 
glutathione and plays a role in the killing of micro organisms and tumor cells (74) zmd in 
hematopoiesis (84). The chronic production of high levels of NO associated with superoxide 
production leads to the production of toxic radicals such as peroxynitrites which participate in 
damage to cell membranes, inflammation and apoptosis. 
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Expression and activity of iNOS in monocytes/macrophages is regulated in a species-
specific manner. In rodent macrophages but not in human or bovine macrophages, iNOS is 
induced strongly by interferon-y (IFN-y), lipopolysaccharides (LPS) or tumor necrosis factor-
a (33). Human monocytes produce NO by inducing the cross-linking of the FCRYIII (CD23) 
(34). In bovine macrophages, iNOS is induced by heat-killed gram-positive or gram-negative 
bacteria and by combinations of endotoxin and cytokines (1, 67, 120). 
Retinoic acids inhibit the in vitro production of NO from L-argjnine by murine 
macrophages (69) and human keratinocytes (4). In contrast, iNOS and NO production are 
induced by a combination of RAs and vitamin D in a promonocytic cell line and inhibition of 
NO prevents the differentiation of this cell line induced by these compounds (35). Thus, 
regulation of NO production by RA may be influenced by the stage of differentiation of the 
cell and other compounds in the intracellular environment. 
Thus, vitamin A metabolites act as anti-inflammatory agents by upregulating cytokines like 
TGF-P and by inhibiting inflammatory mediators like TNF-a, IL-1, arachidonic acid 
metabolites and excessive reactive oxygen and nitrogen intermediates. 
Natural killer cell activity: Natural killer (NK) cells are large granular lymphocytes which can 
recognize and kill cells which express abnormal major histocompatibility complex (MHC) class 
1 antigens such as tumor cells. They can also produce cytokines like IFN-y which can mediate 
killing of viruses and other intracellular pathogens. Treatment of Balb/c mice with retinol 
results in increased NK cell activity when compared to controls (41). Oral administration of 4-
hydroxy phenyl retinamide (4-HPR) to vitamin A-sufficient rats increases the lytic activity of 
NK cells from peripheral blood. Also, oral administration of 4-HPR or RA counter the 
decrease in NK cell numbers induced by vitamin A deficiency (121). Prolonged treatment of 
vitamin A-sufficient BALB/c mice with retinol palmitate increase lytic activity of splenic large 
granular lymphocytes possibly due to an increase in IL-2 secretion by these populations (93). 
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Tumor killing: Retinoids may potentiate regression of tumors by inducing tumoricidal enzymes 
like transglutaminase (71) and arginase (90) or other tumor killing factors (105) in phagocytes 
and by increasing the numbers/ lytic activity of NK cells. Alveolar macrophages from vitamin 
A-treated rats have longer and more numerous cytoplasmic projections than those from 
untreated controls. It is possible that this would make them more efficient in attaching to timior 
cells and releasing acid phosphatase to kill the tumor cells (60). Dietary supplementation with 
retinyl palmitate enhances numbers and tumoricidal capacity of mouse peritoneal macrophages 
(115). 4-Hydroxy-phenyl retinamide induces apoptosis of tumor cells (40, 92) and all trans 
RA promotes the differentiation and inhibits proliferation of leukemic cells from patients with 
APL (56). 
The neonate: vitainin A status and immunity 
The neonatal immune system is physiologically immature at birth. During this period, the 
neonate is protected from diseases mainly by the maternal antibodies obtained from colostrum 
or the maternal circulation. Physiologic inunaturity of the neonatal immune system is believed 
to render the newborn more susceptible to infectious diseases than the adult (17). 
Leukocyte populations from neonates are compositionally and functionally distinct from 
those of adults. In general, neonates have greater proportions of naive T and B lymphocytes 
than adults. Naive T lymphocytes do not express the cytokines or cell surface molecules 
necessary to provide adequate help to B lymphocytes for antibody production. Increasing 
exposure to antigens leads to the activation and conversion of these naive cells to memory cells 
which are more effective in clearing pathogens. However, some activation-independent 
mamrational changes occur in the neonatal immune system. Neonatal naive T lymphocytes, 
unlike adult naive T lymphocytes suppress the ability of adult memory T lymphocytes to 
provide help to B cells. (24). Calves are known to have higher proportions of yb T 
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lymphcxytes (50, 117) than adult cows. 
Components of the innate immune system are also compromised in neonates. Spleens of 
neonatal mice have fewer antigen-presenting cells with effective costimulatory function (91). 
Monocytes from peripheral blood of infants produce less IL-6 than those of adults (95). Also, 
cord blood monocytes are poor stimulators of IFN-y production by neonatal lymphocytes, 
although this is lifted if they are treated with conditioned medium from adult stimulated 
monocytes (68). Neutrophil chemotaxis and components of complement are compromised in 
neonates (87). Serum from 1-d-old calves contain factors other than Cortisol that suppress 
lymphoblastogenesis of calf lymphocytes from the spleen, thymus, and lymph nodes (64). 
Newborn calves have very low concentrations of vitamin A metabolites in serum. As age 
increases, these serum components increase, and adult levels are attained (52). The fetus 
obtains vitamin A in the form of retinol and very little is stored. Vitamin A assimilated from the 
diet after birth, is stored in the liver as retinyi esters. Colostrum, milk and formulated diets are 
major sources of vitamin A for the neonatal calf (109). 
Nonnecke et al (76) showed that calves whose diet is supplemented with retinyi acetate 
have lower percentages of CD2*, CD4* and CD8* T cells and higher percentages of monocytes 
and MHC class ir cells in peripheral blood when compared with vitamin A-deprived controls. 
At 7 wk of age, the percentages of the different subsets of leukocytes are similar to those of 
adult cows in the vitamin A-supplemented calves but not in the vitamin A-deprived calves. 
These observations suggest that vitamin A may play a role in the maturation of the inunune 
system by influencing the ratios of T lymphocytes to competent antigen presenting cells (i.e. 
monocytes expressing higher levels of MHC class II) in calves. 
9,13-Z)r-c/j-retinoic acid has recently been identified as the most abundant vitamin A 
metabolite in the plasma of the neonatal calf and in the cow aroimd the time of parturition. 
Piasma concentrations of the isomer increase from < 0.5 nM at birth to > 16 nM by 48 h of age 
(55). A similar elevation in plasma 9,l3-di-cis- RA concentrations occurs in dairy cows during 
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the immediate postpartum period (54). Elevation of plasma 9,13-tfi-c/j-RA. in the neonatal calf 
was dependent on the consumption of whole colostrum although there was no detectable 9, 13-
di-cis-RA in colostrum (Horst, R. L., unpublished observations). In vitro and in vivo studies 
(54, 89) indicate that there may be interconversions between 9-cis-RA and 9,13-c//-c/5-RA. 
These observations suggest that events in vitamin A metabolism occur in the neonate, leading 
to the generation of retinoids that have the potential to influence immune responsiveness in the 
newborn calf. 
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CHAPTER 2. 9,13-DI-CIS-RETINOIC ACID DOES NOT 
AFFECT IN VITRO PROLIFERATION AND FUNCTION OF 
PERIPEEERAL BLOOD MONONUCLEAR LEUKOCYTES 
FROM PRECOLOSTRAL CALVES 
A paper published in Journal of Nutritional Immunology' 
Veena Rajaraman, MSc', Ronald L. Horst, PhD' and Brian J. Nonnecke, PhD' 
Abstract 
The concentration of 9,13-f/i-ciy-retinoic acid has been shown to be elevated in the circulation 
of calves and cows during the inmiediate postpartum period. In order to evaluate its 
immunomodulatory potential, responses of resting and pokeweed mitogen-stimulated bovine 
peripheral blood mononuclear leukocytes from neonatal calves to physiologic concentrations of 
9,13-tii-cij-retinoic acid were evaluated in vitro. Mononuclear leukocytes were isolated at the 
same times from cows and their precolostral calves immediately after parturition and from non­
pregnant heifers. Production of polyclonal IgM and interferon-y by resting and pokeweed 
mitogen-stimulated cultures of mononuclear leukocytes from neonates and adults was 
unaffected by 9,13-<i'-ci5-retinoic acid. 9,13-D/-ciJ-retinoic acid, at 25 nM, significantly (P < 
0.05) inhibited pokeweed mitogen-induced proliferation of mononuclear leukocytes from non­
pregnant heifers, and had no effect on the proliferation of mononuclear leukocytes from the 
' Reprinted from the Joumal of Nutritional Immunology, 1997, VoI3(2): 17-28. 
' Graduate student, Inununobiology Program, Iowa State University'. 
' United States Dept of Agriculture, Agricultural Research Service, National Animal Disease Center, Ames, 
Iowa. 
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dams or their calves. These results indicate that 9,13-t//-c/5-retinoic acid at physiologic 
concentrations has negligible effect on the proliferation and function of precolostral calf and 
adult bovine mononuclear leukocytes in vitro. 
Keywords 
Retinoic acid; calf; parturition; bovine lymphocyte. 
Abbreviations 
IFN-y, interferon-Y; MNL, mononuclear leukocytes; PBST-g, phosphate buffered saline 
solution with Tween 80 and gelatin; PWM, pokeweed mitogen; RA, retinoic acid; RAR, 
retinoic acid receptor; RXR, retinoic X receptor 
Introduction 
1 Vitamin A is known to play a role in defense against infectious diseases. ^ Many of the 
effects of vitamin A are mediated by the retinoic acids (RA). Retinoic acids are knov^n for their 
abilities to promote differentiation in a variety of cell types. They bind to cognate nuclear 
receptors and induce them to act as ligand-activated transcription factors, influencing gene 
expression. All-trans retinoic acid binds with high affinity to the RA receptor (RAR), while 9-
cw-RA is a high-affinity ligand for both RAR and retinoid X receptor (RXR).^ 
Retinoic acid and retinol have been shown to enhance immunoglobulin production by 
pokeweed mitogen (PWM)-stimulated bovine peripheral blood mononuclear leukocytes (MNL) 
in vitro.^ 13-Cij-retinoic acid (13-cw-RA) at 10 nM inhibited proliferation of PWM-stimulated 
bovine MNL in vitro. ^  A reduction in numbers of T cells, interieukin-2 receptor"^, and 
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major histocompatibility complex Class 11"^ cells was observed in these cultures. 13-Cis 
retinoic acid treatment of human patients with common variable immunodeficiency was shown 
to promote maturation of their B cells.^ 
Neonates have increased susceptibility to certain infectious diseases when compared with 
adults.^ The functional immaturity of the neonatal immune system contributes to this increased 
susceptibility.^ The neonatal calf has low concentrations of plasma vitamin A (retinol) relative 
to adult cows.^ Leukocytes of the neonate also have a characteristic phenotype which shifts 
toward an adult phenotype, with age. Age-dependent changes in function and phenotype are 
attributed to activation-dependent maturation induced by antigenic exposure. ^ ^ However, 
other age-related changes in patterns of gene expression axe known to occur independently of 
activation-dependent differentiation. 11 ^ 1 13 Retinoic acids are differentiation-promoting 
agents which may influence the antigen-independent maturation of the immature immune 
system of the neonate. 
9, l3-Di-cis-RA is the most abundant RA isomer in the plasma of the neonatal calf The 
elevation of 9,13-<//-cw-RA is dependent on the consumption of whole colostrum. Plasma 
concentrations of the isomer increased from < 0.5 nM at birth to > 16 nM by 48 h of age. A 
similar elevation in plasma 9,13-ii-cw-RA concentrations occurred in dairy cows during the 
immediate fXJstpartum period. The promotion of the maturation and differentiation of cells 
by RAs and the presence of elevated concentrations of 9,13-di-cis-RA in neonatal plasma led 
us to hypothesize that 9,13-di-cis-RA may promote the maturation of the immune system of the 
neonatal calf. To test this hypothesis, we investigated the in vitro effects of physiologic 
concentrations of 9,13-C//-CM-RA on the proliferation and functional capacities of peripheral 
blood MNL from precolostral calves. 
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Materials and Methods 
Animals. Eleven newborn mixed breed calves, their dams, and two female, non-pregnant 
Holstein heifers were used as cell donors. Calves were separated from their dams shortly after 
birth and before they had suckled the dam. If the calf was bom after 12:00 p.m., blood was 
collected and allowed to stand at room temperature in the dark and processed the next morning. 
Blood collected from calves bom before 12:00 p.m. was processed on the same day. Calves 
and dams were bled by jugular venipuncture within 4 h of parturition. Heifers were bled every 
time a calf was bom. Blood was collected in 10% (v/v) of 2X acid citrate dextrose. Serum 
samples were also collected for evaluation of retinoid and a-tocopherol status by HPLC as 
previously described. Cattle were housed at the USD A, Agricultural Research Service, 
National Animal Disease Center, Ames, LA. Heifers were fed a maintenance diet of pelleted 
ground com cobs, wheat middlings, and com, and had free access to water and hay or pasture. 
Dams were fed formulated diets with varying concentrations of cations as part of another 
experiment Some of the dams developed clinical milk fever (n=2) or subclinical mastitis (n=l) 
after parturition. The other animals were clinically normal throughout the experimental period. 
Animal-related procedures were ^proved by the Institutional Animal Care and Use Committee 
of the National Animal Disease Center. 
Peripheral blood mononuclear cells were isolated and enriched as previously described^® 
and resuspended in RPMI 1640 medium (Gibco, Grand Island, NY) supplemented with 2 mM 
L-glutamine (Sigma Chemical Co., SL Louis, MO) and antibiotics (100 U/ml penicillin G 
sodium, 100 ng/ml streptomycin sulfate), and antimycotics (0.25 pig/ml amphotericin B; 
Gibco, Grand Island, NY). Medium used for interferon-y (IFN-y) assays was additionally 
supplemented with non-essential amino acids (Sigma Chemical Co.) and 2-mercaptoethanol 
at 55 [xM (Gibco, Grand Island, NY). The viability of the MNL was >95%. 
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Vitamin A Metabolites. 9,l3-di-cis-RA was prepared by oxidation of 9-cis- retinal using 
Tollens reagent, followed by isomerization under alkaline conditions as described 
previously. Purity of the retinoids was assured by spectrophotometric and HPLC analysis. 
Retinoids were solubilized in 100% HPLC grade ethanol and diluted in heat-inactivated FBS 
(Hyclone Laboratories, Inc., Logan, UT) with low endogenous concentrations of RA 
(undetectable) and p-carotene (34 ng/ml) and stored at -80°C until needed. Using this method, 
ethanol in control and retinoid-supplemented cultures was < 0.05% v/v. 
Production and Measurement of Polyclonal IgM. Secretion of polyclonal IgM by MNL 
cultures was evaluated as previously described. Rat-bottomed, 24-well polystyrene tissue 
culture plates seeded with 1.0 X 10^ cells/ml in a final volume of 1.5 ml containing 6.7% v/v 
of FBS in RPMI 1640 medium with antibiotics and glutamine. Resting and PWM (0.08 
(xg/ml)-stimulated MNL cultures were supplemented with 9,13-ift-ci5-RA at 0 nM, 0.5 nM, or 
25 nM. Effects of supplementation with either dl\-trans RA or 9-m-RA at 25 nM on MNL 
from adult animals (dams and heifers) were evaluated in an identical fashion. Retinoids were 
added at the initiation of the incubation period. Duplicate cultures were incubated for 14 d at 
39°C in a humidified atmosphere containing 5% COo. Polyclonal IgM in culture supematants 
was determined by an ELISA performed as described previously. The IgM concentration 
(ng/ml) in supematants was quantified by comparison of absorbance of supematants with 
absorbance of standards within a linear curve fit 
Production and Measurement of IFN- y. Interferon-y secretion was evaluated in MNL 
cultures established in flat-bottomed, 96-well polystyrene tissue culture plates seeded with 5 X 
10^ cells/ml in a total volume of 200 nl of RPMI 1640 medium with FBS at 6.7% v/v, p-
mercaptoethanol at 55 fiM and non-essential amino acids (Sigma Chemical Co.). Resting or 
PWM-stimulated (10 fig/ml) MNL cultures were supplemented with 9,13-di-cij-RA at 0 nM, 
0.5 nM or 25 nM. Effects of supplementation with either all-trans RA or 9-c/j-RA at 25 nM on 
MNL cultures from adult animals (dams and heifers) were also evaluated. Retinoids were 
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added at the initiation of the incubation period. Cultures were incubated for 48 h at 39°C in a 
humidified atmosphere with 5% CO2. Culture supernatants from centrifuged plates (800 X g, 
4°C, 2 min) were harvested and stored at -80°C until analyzed. 
Interferon-Y (ng/ml) secreted by resting and PWM-stimulated cultures was determined by an 
IFN-Y capture ELISA (reagents and protocol for this assay generously provided by L. Babiuk, 
Veterinary Infectious Disease Organization, Saskatoon, Saskatchewan, Canada) as described 
previously. Assays were performed in Immimolon II microtiter plates (Dynatech 
Laboratories, Inc. Chantilly, VA). Reagents consisted of a capture antibody (mouse anti-
rBoIFN-y, IgG fraction. Lot TB-4-91), detection antibody (rabbit anti-bovine IFN-y, IgG 
fraction. Lot 90-81), rBoIFN-y (Lot TB-4-91), biotinylated goat anti-rabbit IgG (Zymed 
Laboratories, Inc., South San Francisco, CA), horseradish peroxidase-conjugated streptavidin 
complex (Amersham Corporation, Arlington Heights, IL), and substrate (ABTS (Sigma 
Chemical Co.) in citrate buffer and at 0.1% vol./vol.). Internal standards consisting of 
serially diluted rBoIFN-y were prepared in phosphate buffered saline solution with Tween 80 
at 0.1% vol./vol. and gelatin at 0.1% vol./vol. (PBST-g). Positive and negative control 
samples and test samples were also serially diluted in PBST-g. Capture antibody was diluted 
1:40(X) in carbonate-coating buffer, and detection antibody was diluted 1:1000 in PBST-g. 
Biotinylated goat anti-rabbit Ig was diluted 1:10,000 and horseradish peroxidase-conjugated 
streptavidin complex 1:2000 in PBST without gelatin. Intervening washes were done with 
PBST without gelatin. All incubations were at room temperature with the exception of capture 
antibody in carbonate buffer, which was incubated for 3 days or less at 4''C. Absorbance of 
test and standard wells was read at 405/490 nm using an automated ELISA plate washer and 
reader (Dynatech, Guernsey Charmel Islands, UK). Absorbance of test samples was 
converted to ng/ml of IFN-y by comparison with that of standards within a linear-curve fit 
MNL Proliferation. Cultures of MNL were established in flat-bottomed, 24-well 
polystyrene tissue culture plates seeded with 1.0 X 10^ cells/ml in a final volume of 1.5 ml 
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containing 6.7% v/v of FBS. Cell numbers were determined in resting MNL cultures and in 
cultures stimulated with 0.08 fig/ml PWM and supplemented with 9,l3-di-cis-RA at 0 nM, 
0.5 nM and 25 nM at the initiation of the incubation period. The effect of supplementation with 
either ail-trans ElA. or 9-cw-RA. at 25 nM on the proliferation of MNL from adult animals (dams 
and heifers) was evaluated in an identical fashion. Cultures were incubated for 5 d at 39°C in a 
humidified atmosphere containing CO2. Proliferation of MNL was determined as described 
previously.-® Total number of MNL in individual suspensions were determined electronically 
(Celltrack 1, Nova Biomedical, Waltham, MA). Cell viability was typically > 80%, as 
assessed by the trypan blue exclusion test 
Statistical Analysis. Data are presented as means (+SEM). Treatment means were analyzed 
by the alternate Welch's Mest, which is used to compare Gaussian populations with unequal 
standard deviations. Differences were judged significant at P < 0.05. 
Results 
Serum Concentrations of Retinoids. Retinol concentrations were typical of those seen in 
dairy cattle of the different physiologic states represented^^ in this study (Table 1). 
Periparturient cows had higher {P < 0.05) serum concentrations of 9,13-di-cw-ElA than did the 
calves or the non-pregnant heifers, and lower {P < 0.05) serum retinol concentrations than did 
the non-pregnant heifers. Precolostral calves had lower (P < 0.05) concentrations of retinol 
and 9,\'i-di-cis-RA when compared with the adult animals (dams and heifers). 
Polyclonal IgM Secretion. The concentration of polyclonal IgM in PWM-stimulated cultures 
of adult, non-pregnant animals was greater (P < 0.005) (Hgure 1) than the concentration in 
resting control cultures. PWM-stimulated MNL cultures from neonatal calves secreted levels 
of IgM comparable with those of control resting cultures. PWM-stimulated MNL cultures 
from dams produced, on average, lower levels of IgM than parallel cultures from non-pregnant 
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heifers, but not significantly so  (P> 0.05). 
Supplementation with 9,13-di-cis-RA at 0.5 nM or 25 nM did not influence polyclonal IgM 
secretion by MNL cultures from neonates and adults. Supplementation with sW-trans RA or 9-
cis-RA at 25 nM inhibited (P > 0.05) secretion by MNL from non-pregnant heifers and dams. 
IFN-y Secretion. IFN-y secretion by resting cultures of MNL at 48 h could not be detected 
by the assay used (data not shown). PWM-stimulated cultures of MNL from non-pregnant 
heifers produced higher (P < 0.001) levels of IFN-y than MNL cultures from precolostral 
calves (Hgure 2). Retinoic adds did not alter IFN-y secretion by MNL from neonates or adult 
animals. 
MNL Proliferation. At the end of the 5-d incubation period, cell numbers in resting cultures 
of MNL from neonates and adult animals declined to < 30% of original numbers seeded. Cell 
numbers in PWM-stimulated cultures of calves and non-pregnant heifers were 3.5 and 3.3 
times greater (P <0.01) than those in parallel unstimulated cultures, respectively, whereas cell 
numbers in PWM-stimulated cultures from dams were 2.6 times greater (P < 0.01) than in 
parallel unstimulated cultures. 
Supplementation with 9,13-ii-ci5-RA at 0.1 nM or at 25 nM (Hgure 3) did not influence the 
cell numbers in PWM-stimulated cultures using MNL from calves and dams (P > 0.05). 
Cultures of PWM-stimulated MNL from non-pregnant heifers supplemented with 9,\3-di-cis-
RA or 2l\-trcais RA or 9-cw-RA at 25 nM had fewer (P < 0.05) cells than parallel 
unsupplemented cultures. At this concentration, 9,13-ii/-cw-RA reduced the cell numbers to 
70% of those in parallel unsupplemented cultures, whereas dll-trans RA and 9-ciJ-RA reduced 
the cell number to ~50% of the number in parallel unsupplemented cultures. 
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Discussion 
The immune system of the neonatal calf is physiologically immature. This is corroborated 
by our observations. Although the proliferative responses of calf MNL were comparable with 
those of the adult non-pregnant heifers, they had diminished functional capacities in terms of 
cytokine and immunoglobulin production when compared with those of dams and non­
pregnant heifers. It could be hypothesized that the low serum retinol levels play a role in the 
physiologic immaturity of the neonatal immune system. 
Mononuclear leukocyte cultures from dams exhibited a diminished abihty to proliferate and 
to produce polyclonal IgM or IFN-y in response to stimulation by PWM, when compared with 
parallel MNL cultxires from non-pregnant heifers. This hyporesponsiveness of MNL, as well 
as the impaired peripheral blood neutrophil functions and mitogen-induced lymphocyte 
blastogenesis,"^' — could contribute to the increased susceptibility (especially of the 
mammary gland) to infections seen in cows around the time of parturition.^' Decreased 
serum retinol concentrations seen in these animals (Table 1) might also be associated with 
this phenomenon. 
9,13-Ji-cw-RA did not influence PWM-stimulated proliferation, IFN-y production, or 
polyclonal IgM secretion by MNL from calves or dams in culture, and moderately affected the 
proliferation of PWM-stimulated MNL from non-pregnant heifers. All-rranj retinoic acid and 
9-cw-RA at similar concentrations inhibited both prohferation and polyclonal IgM production 
by PWM-stimulated MNL from non-pregnant heifers. 
Recent studies have shown that 9,l3-cU-cis-RA has negligible affinity for cellular RA 
binding proteins I and II. This RA isomer also has 71- and 20-fold less affinity, respectively, 
than 9-ciJ-RA for RXR-a and RXR-p. In addition, treatment of PWM-stimulated culmres 
of adult bovine MNL cultures with [^H] 9,l3-di-cis-RA resulted in very low levels of cellular 
incorporation of radiolabel after 8 or 24 h in culture, whereas treatment of parallel cultures with 
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comparable concentrations of either 9-cz.y-IlA or ail-trans RA resulted in a greater intracellular 
accumulation of [^H]-RA in cultures (Nonnecke et al., unpublished observ ations). Treatment 
of confluent cultures of breast cancer cells T^7 with tritiated 9,\3S-cis-RA caused an 
elevation of isomer in culture media, but minimal incorporation of the radiolabel within cells. ^  
The minimal effects of 9,13-i/z-m-RA. on bovine MNL could be explained by its relatively low 
affinity for the cellular RA binding proteins, rendering it unable to accimiulate in cells, and its 
low affinity for the RXRs, resulting in its inability to modulate gene transcription via these 
receptors. 
9, D-d/'-ciy-RA is known to be a major product of 9-a.y-RA metabolism.^ Elevation of 
levels of 9-CI5-RA in the plasma of rats U^eated intravenously with 9,13-c//-cty-RA suggest that 
conversion of 9, \3-di-cis-RA to 9-a.y-I^ may also occur. Moderate but significant anti­
proliferative effects that the isomer had on MNL from non-pregnant heifers could be possibly 
due to its partial conversion to 9-c/j-RA in 5-d cultures. From the lack of effect on 
proliferation seen in MNL cultures from precolostral calves and dams, it can be speculated that 
the isomerization of 9,13-fi-c/j-RA to 9-cw-RA did not occur efficiently in these animals. 
9,13-tii-cty-RA may be a biologically inactive end product of retinoid metabolism or when 
present at high concentrations in vivo may act as a reservoir from which 9-cis-RA is generated. 
This would be similar to the situation where 13-cw- RA in the circulation isomerizes to generate 
the more potent all-rran^ RA in the tissues.-^ 
In conclusion, 9,13-ii/-cij-RA appears to minimally affect the proliferation and functional 
capacities of MNL in the neonatal calf. However, it is possible that the events leading to the 
increased concentrations of 9,13-c/i-c/5-RA may generate other I?A metabolites like 9-m-RA, 
which may influence the immune system of the neonatal calf. Future studies will address this 
question-
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Table 1. Mean serum concentrations (ng/nil) of ji-carolenc and retinoids. 
Retinol P-Carolene 9,i3-^//-c/.s-RA 9-t7.v-RA AI1-//V//M'-RA 13-<7.V-RA 
Group X SE X SE X SE X SE X SE X SE 
Calves (n= 10) 37.6 20.4 14.0 9.9 0.36 0.08 ND' 0.30 0.03 ND' 
Dams (n= 10) 105.0 12.2 883.9 233.0 2.95 0.41 0.40 0.15 0.20 0.08 0.63 0.06 
Non-pregnant 237.0 3.78 4,846 269.0 1.38 0.28 0.21 0.04 1.17 0.08 0.12 0.04 
heifers (n = 22) 
'ND - not delected 
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Figure 1. Polyclonal IgM secretion by cultures of bovine peripheral blood mononuclear 
leukocytes that were unstimulated (CH) or stimulated with pokeweed mitogen at 0.08 |J.g/ml, 
and unsupplemented (0) or supplemented with 9,l3-i//-m-retinoic acid (RA) at 0.5 nM (E!3) 
or 25 nM (H) or dl\-trans RA at 25 nM (0) or 9-m-RA at 25 mVI (0) and incubated for 14 d 
[* = cultures which produced significantly higher {P < 0.005) levels of IgM than did parallel 
unstimulated cultures]. 
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Figure 2. Interferon-y (IFN-y) secretion by cultures of bovine peripheral blood mononuclear 
leukocytes stimulated with pokeweed mitogen at 10 p.g/ml, and unsupplemented (Q) or 
supplemented with 9,13-<i/-cw-retinoic acid (ElA) at 0.5 nM (03) or 25 nM (H) or all-rram- RA 
at 25 nM (0) or 9-cis-RA at 25 nM (0) and incubated for 48 h. 
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Figure 3. Total number of mononuclear leukocytes (MNL) in cultures, that were unstimulated 
(D) or stimulated with pokeweed mitogen at 0.08 ^ig/ml, and unsupplemented (EI) or 
supplemented with 9,13-<i/-cw-retinoic acid (RA) at 0.5 nM (Ei3) or 25 nM (I) or all-trans 
at 25 nM (Q) or 9-cis-RA at 25 nM (0) and incubated for 5 d. [* = numbers of MNL 
significantly (P < 0.05) different from parallel unsupplemented cultures]. 
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CHAPTER 3. EFFECTS OF REPLACEMENT OF NATIVE 
FAT IN COLOSTRUM AND MILK WITH COCONUT OIL ON 
SERUM FAT-SOLUBLE VITAMINS AND IMMUNE 
FUNCTION IN CALVES 
A paper published in the Journal of Dairy Science' 
V. Rajaraman', B. J. Nonnecke^, and R. L. Horst^ 
Abstract 
Fat-soluble vitamins and their metabolites modulate immune function in a variety of animal 
species. The objective of the present study was to determine the role of fat-soluble vitamins in 
colostrum and milk on the development of specific aspects of immune function in the calf 
during the 1st wk postpartum. During this period, control calves (n = 6) were fed normal 
colostrum and milk, and calves in the treatment group (n = 6) were fed skimmed colostrum and 
skimmed milk supplemented with coconut oil. Treated calves did not experience the 
progressive increase in concentrations of retinol, p-carotene, a-tocopherol, 1,25-
dihydroxyvitamin D, or retinoic acids in serum as observed in control calves. Acquisition of 
passive immunity, indicated by serum immunoglobulin G1 concentrations were unaffected by 
treatment Composition and functional capacities of blood mononuclear leukocyte populations 
collected from birth to 7d postpartum, were also unaffected by treatment Major changes in the 
function and composition of mononuclear leukocyte populations from all calves occurred 
' Reprinted from the Journal of Dairy Science, 1997, Vol.80(10):2380-2390. 
* Graduate student, Immunobiology Program, Iowa State University. 
 ^ United States Department of Agriculture, Agricultural Research Service, National Animal Disease Center, 
Ames, lA. 
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during the experimental pericxi and were unrelated to the concentrations of fat-soluble vitamins 
in serum. Blood mononuclear leukocyte populations from calves were functionally 
hyporesponsive and compositionally different from blood mononuclear jxapulations from adult 
nongravid cows. These differences likely reflected the immaturity of the immune system of the 
neonatal calf and may contribute to its increased susceptibility to infectious disease. 
Key words 
Immune function, calf, vitamin A, nutrition 
Abbreviation key 
1,25(0H)2D = 1,25-dihydroxyvitamin D, 25(OH)D = 25-hydroxyvitamin D, FCS = 
fetal calf serum, IFN-y = Interferon-y, HBSS = Hanks' balanced salt solution, MHC = 
major histocompatibility complex, MNL = mononuclear leukocytes, P WM = pokeweed 
mitogen, R A = retinoic acid 
Introduction 
Physiologic immaturity of the neonatal immune system is believed to render the newborn 
more susceptible to infectious diseases than the adult (5). Studies with humans and mice 
indicate that this immaturity is characterized by the presence of T-cell populations that have 
higher proportions of naive T cells and have the ability to suppress Ig production (10). They 
also have higher proportions of antigen-presenting cells with defective costimulatory activity 
(35), and decreased abilities to produce cytokines (36). Calves are known to have higher 
proportions of yd T cells (14) and lower proportions of circulating B cells (37) than adult 
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cows. The number of B cells (37) and the ability to produce Ig (24) gradually increase to adult 
levels by about 20 wk of age. Serum from 1-d-old calves contains factors other than Cortisol 
that suppress lymphoblastogenesis of calf lymphocytes from the spleen, thymus, and lymph 
nodes (22). 
Newborn calves have very low concentrations of vitamin A metabolites and a-tocopherol 
in serum. As age increases, these serum components increase, and adult levels are attained by 
about 2 yr of age (15). Colostnmi, milk and formulated diets are major sources of these 
vitamins for the neonatal calf (38). Vitamin A is known to promote differentiation and 
maturation of a variety of cell types primarily through its metabolites; the retinoic acids (R A), 
which are derived from retinol and retinyl esters (23). P-Carotene is not only an antioxidant, 
but also a source of vitamin A (8). Vitamin E is recognized for its role as an antioxidant in 
conjimction with Se (15), and vitamin D acts via its metabohte, 1,25-dihydroxyvitamin D 
[l,25(OH)2D], to maintain Ca homeostasis in the calf (16). These vitamins and their 
metabolites have also been shown to modulate immune parameters in cattle and other species. 
However, little information is available regarding fat-soluble vitamin status and its impact on 
the immune responsiveness of the newborn calf. 
Retinoic acids and l,25(OH)2D promote the differentiation and maturation of cells of 
myeloid origin (4). Studies with mice and humans indicate that these compounds preferentially 
inhibit functions of Thl cells, which promote cell-mediated immune responses (7,20). 
Metabolites of retinol are essential for B-cell growth and activation (3). In adult cattle, in vitro 
supplementation with RA isomers or l,25(OH)2D enhance IgM production by blood 
mononuclear leukocytes (MNL) (32, 29). 13-cw-Retinoic acid and l,25(OH)jD inhibit 
lymphocyte proliferation and expression of activation markers by mitogen-activated MNL from 
adult dairy cattle (25, 27). l,25-Dih3'droxyvitamin D inhibits interferon-y (IFN-y) production 
by peripheral blood mononuclear cells from cows (1). In cattle, vitamin E supplementation has 
been associated with increased specific antibody titers after vaccination and enhanced in vitro 
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T- and B-cell mitogenesis, IgM, and interleukin-l production (9). ^-Carotene enhances 
blastogenic responses of lymphocytes and increases cytotoxic activities of natural killer cells 
and cytokine production by macrophages (8). 
9,13—Z>f-cty-retinoic acid has recently been identified as the most abimdant vitamin A 
metabolite in the plasma of the neonatal calf and in the cow around the time of parturition (17, 
18). Elevation of plasma 9,13-<//-czj-RA in the neonatal calf is dependent on the consumption 
of whole colostrum. Although 9,13-di-m-RA has little biologic activity (17,31,33), studies 
with rats (18,39) indicate that 9-cw-RA, which is metabolically active, may be a precursor to 
9,13-J/-cw-RA. These observations suggest that events in vitamin A metabolism occur in the 
neonatal calf or dam around the time of parturition, leading to the generation of retinoids that 
have the potential to influence immune responsiveness in the newbom calf or dam. 
The objective of this study was to develop an in vivo model in which the elevation in fat-
soluble vitamins could be prevented in order to study their effects on immune parameters in the 
neonatal calf. To achieve this objective, newbom calves were fed colostrum and milk where 
the native fat, which contains fat-soluble vitamins or their precursors, was replaced with 
coconut oil, a fat source that lacks detectable fat-soluble vitamins. Several immune parameters 
were monitored during the 7-d experimental period. 
Materials and Methods 
Calves and Diet 
Twelve newbom Jersey calves housed at the USDA, ARS, National Animal Disease 
Center were caught at birth before suckling the dam. Six calves were fed complete colostrum 
and milk during the 1st wk postpartum. During the same period, a second group of calves (n = 
6) was fed skimmed colostrum and skinmied milk supplemented with coconut oil [12% 
(vol./vol.) with the colostrum and 3.5% (vol./vol.) with the milk; volumes were similar to the 
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amount of native fat in whole colostrum and milk]. 
Colostrum was collected from 10 cows and pooled. Approximately one-half of the 
volume of pooled colostrum was skimmed by centrifugation. Intact and skimmed colostrum 
was divided into 4-L aliquots and frozen at -20 C. Each aliquot was thawed immediately 
before use. Each calf was fed 2 L of pooled colostrum within 3 h of birth and another 2 L 
within 12 h of birth. Calves were subsequently fed 2 L of milk in the morning and afternoon 
each day. Concentrations of fat-soluble vitamins in the diets were measured by HPLC (17, 
18). 
Calves remained clinically normal throughout the experimental period. Procedures 
involving the calves were approved by the Institutional Animal Care and Use Committee of the 
USDA, ARS, National Animal Disease Center. 
Blood Collection and MNL Isolation 
Calves were bled by jugular venipuncture within 3 h after birth and once every 24 h for 7d 
thereafter. When a calf was bom after 1200 h (noon), blood that had been collected was held 
at room temperature in the dark and processed the next morning. Blood collected before 1200 
h (noon) was processed the same day. Blood from two adult, nongravid, nonlactating Jersey 
heifers was collected on eight separate occasions during the study and was processed the same 
way. Blood was collected into 10% (vol./vol.) 2x acid-citrate-dextrose. 
Blood MNL were isolated and enriched by density gradient centrifugation as described 
previously (26). Contaminating erythrocytes were eliminated by hypotonic lysis prior to 
density gradient centrifugation of buffy coat cells. Enriched MNL were resuspended in RPMI 
1640 medium (Gibco Laboratories, Grand Island, NY), supplemented with 2 mAf L-glutamine 
(Sigma Chemical Co., SL Louis, MO), antibiotics (100 U/ml of penicillin G sodium and 1(X) 
mg/ml of streptomycin sulfate), and antimycotics (0.25 jig/ml of amphotericin B; Gibco 
Laboratories). The medium used for IFN-y assays was also supplemented with nonessential 
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amino acids (Cat no. M-7145; Sigma Chemical Co.) and 2-mercaptoethanoi (55 \iM\ Gibco 
Laboratories). 
Measurement of Serum Metabolites and Immunoglobulin GJ 
Serum samples were collected for the quantification of retinol, p-carotene, a-tocopherol, 
and RA by HPLC as described by Horst et al (17,18). Serum 2Shydroxyvitamin D 
[25(OH)D] was determined by a radioimmunoassay using a kit (Reference no. 68100; IncStar 
Corp., Stillwater, MN)- A nonequilibrium receptor-based assay was used to determine serum 
1,25(0H)2D as described by Reinhardt et al (34). Serum IgGl was determined by an ELISA 
that was similar to the procedure used for the determination of IgM (28). 
Phenotype Analysis of MNL Populations 
Leukocytes in MNL populations were phenotyped by modifications of the flow cytometry 
procedure described previously (25). Percoll density gradient-enriched MNL were washed 
with and resuspended in cold Hanks' balanced salt solution (HBSS) with 1% heat-inactivated 
fetal calf serum (FCS; Hyclone Laboratories, Inc., Logan, UT) and 0.1% NaNj at a density of 
10 X 10®/ml. Approximately 5 x 10^ MNL from each suspension were added to individual 
wells of a 96-well microtiter plate. Monoclonal antibodies (VMRD, Inc., Pullman, WA) 
(Table 2) diluted in HBSS with 1% FCS and 0.1% NaNj were added (50-^1 aliquots) 
individually to wells containing the MNL. Plates were incubated at 4 C for 15 min and washed 
twice by centrifugation (1171 x g at 4 C for 2 min). Supematants were removed using a plate 
washer (Dynatech Miniwash; Dynatech Laboratories, Alexandria, VA). Cells were 
resuspended in HBSS with 0.1% NaNj and incubated (4 C for 15 min) with secondary 
antibody [fluorescein isothiocyanate-conjugated goat F(ab')j fragments against mouse IgG (10 
(ig/ml) or IgM (3.3 ng/ml), 50 fxl; Organon-Teknika-Cappel, Durham, NC]. Plates were 
washed again, and cell pellets were resuspended in HBSS with 0.1% NaNj. Nonspecific 
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binding of antibody was assessed by incubating each test sample with secondary antibody 
alone. Specificities of all primary antibodies were ensured by testing with isotype controls. 
A Becton Dickinson FACScan (Becton Dickinson Immunocytometry Systems, San Jose, 
CA) was used for flow cytometric analysis of 5000 cells that exhibited light scatter properties 
that were consistent with bovine MNL. An argon laser with an excitation wavelength of 488 
nm was used to detect cells associated with fluorescein isothiocyanate-conjugated second 
antibody. Emission fluorescence was detected with a 530 nAf bandpass filter and converted to 
log fluorescence. Maiicers were positioned for negative control samples to provide a 
background of 2% and were maintained at this position for all samples taken from the calf. 
Cells with fluorescence intensity greater than the marker position were considered positive. 
Fluorescence data associated with each parameter were expressed as a percentage of the gated 
MNL population. 
In Vitro Production and Measurement ofIgM 
Secretion of IgM by unstimulated MNL cultures and MNL cultures stimulated with 
pokeweed mitogen (PWM) was quantified by an ELISA as described previously (28). 
Cultures were established in flat-bottomed, 24-well polystyrene tissue culture plates seeded 
with 1.0 X 10® cells/ml in a final volume of 1.5 ml containing 5% (vol./vol.) FCS in RPMI 
1640 medium with antibiotics, antimycotics and glutamine. Resting MNL cultures and MNL 
cultures stimulated with PWM (0.08 or 0.32 (ig/ml, respectively) were incubated at 39 C in a 
humidified atmosphere containing 5% CO^ for 14 d. The concentration (nanograms per 
milliliter) of IgM in supematants was determined by comparison of absorbance of supematants 
with absorbance of standards within a linear curve fit 
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In Vitro Production and Measurement of IFN-y 
Secretion of IFN-y was evaluated in MNL cultures established in flat-bottomed, 96-welI 
polystyrene tissue culture plates seeded with 5 x 10^ cells/tnl in a total volume of 2(X) |xl of 
RPMI 1640 medium with 5% FCS, 55 \kM 2-mercaptoethanoI, and nonessential amino acids. 
Resting MNL cultures and MNL cultures stimulated with PWM (10 fxg/ml) were incubated for 
48 h at 39 C in a humidified atmosphere with 5% CO^. Culture supematants from centrifuged 
plates (800 x g at 4 C for 2 min) were harvested and stored at -80 C until analyzed. 
Interferon-y was measured using an IFN-y capture ELISA as reported previously (1). 
Absorbance of standards, controls, and test samples was determined at 410 and 490 nm (test 
filter, 410 nm; reference filter, 490 nm) using an automated ELISA plate washer and reader 
(Dynatech MR7000; Dynatech Laboratories Inc.). Interferon-y in test samples was determined 
from a standard curve of absorbance regressed on logjQ values of the IFN-y concentration for 
the dilution of the test sample that gave absorbance readings falling in the linear portion of the 
curve. The IFN-y concentration in culture supematants was calculated by multiplying the value 
from the standard curve by the dilution factor and was expressed as picograms per milliliter. 
In Vitro DNA Synthesis by MNL 
Assays evaluating synthesis of DNA by MNL were performed as reported previously 
(26). Briefly, cultures of MNL were established in flat-bottomed, 96-well tissue culture plates 
seeded with 5.0 x 10^ cells/ml in a final volume of 200 jil of RPMI 1640 containing 5% FCS. 
Lymphocyte proliferation was assessed in unstimulated MNL cultures and in cultures 
stimulated with PWM (1 fig/ml) or concanavalin A (1 fig/ml). Cultures were incubated for 72 
h at 39 C in a humidified atmosphere containing CO^ and then pulsed with 18.5 kBq of 
[methyI-^H]thymidine (Amersham Corp., Arlington Heights, IL). Cells were harvested 
(model PHD cell harvester, Cambridge Technology, Watertown, MA) 18 h later. Retained 
radioactivity, expressed as counts per minute, was determined by liquid scintillation 
53 
spectrophotometry' (LSSOOO liquid scintillation counter; Beckman Instruments, Inc., Fullerton, 
CA). 
Statistical Analysis 
Data were analyzed by a split-plot repeated measures ANOVA. The statistical model 
included effects of in vivo treatment, day, and the interaction of day and treatment The mean 
square error for the calf (treatment) was used as the error term (i.e., as the denominator to the 
mean square for treatment calculated from the Type III sum of squares) to evaluate the effect of 
treatment Residual error was used as the error term for evaluating other effects. Effects of in 
vitro treatments of the MNL were evaluated by a split-plot repeated measures ANOVA in which 
treatments were blocked by calf. The model included the main effects of mitogen. The error 
term used to evaluate these effects was the mean square error for the interaction of calf and 
mitogen. Effects of day and its interaction with the mitogen were assessed using the residual 
as the error term. Indicated significant differences between treatments or days were calculated 
by Student's two sample t test using least squares means. Statistical significance was declared 
atP< 0.05. Pearson's correlation coefficients were calculated between variables. Correlations 
were declared significant at P < 0.05. Data for the DNA synthesis assay were logjg-
transformed prior to analysis. 
Results 
Concentrations of Fat-soluble Vitamins in the Diets 
Concentrations (nanograms/milliliter) of fat-soluble vitamins in the diets fed to the calves 
are indicated in Table 1. Normal milk had 3 to 4-fold higher retinol than colostrum. Skim milk 
had very low levels of retinol. Normal colostrum and milk had about 8 to 13-fold higher a-
tocopherol and 1.4 to 1.6-fold greater concentrations of l,25(OH)2D than skimmed colostrum 
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and milk. Normal colostrum had 4.5-fold higher p-carotene than skimmed colostrum. No p-
carotene was detected in skimmed milk. There was no detectable 25(OH)D in normal or 
skimmed colostrum and milk. These vitamins were not detectable in coconut oil (data not 
shown). 
Serum Concentrations of Vitamins, Metabolites, and IgGl 
At birth (d 0), retinol, P-carotene, a-tocopherol, RA isomer, 25(OH)D, and l,25(OH)jD 
concentrations were the same in the serum of control and treated calves (Figures 1 to 3). 
Thereafter, there was a progressive increase in concentrations of these compounds in serum of 
control calves, but, in calves fed a skimmed diet, concentrations of these compounds remained 
relatively unchanged over the 7-d period. Calves fed skimmed colostrum and skimmed milk 
had significantly lower concentrations of retinol (P< 0.007; Figure la), p-carotene {P< 0.04; 
Figure lb), and 9,13-<i'-ciy-RA (P < 0.0005; Rgure 2a) in serum relative to control calves 
from d 1 to 7. The treated calves also had lower concentrations of a-tocopherol (P < 0.01; 
Figure Ic) from d 2 to 7 and lower concentrations of l,25(OH)2D (P < 0.01; Figure 3b) in 
serum from d 3 to 7. Although 9-cw-RA, all-zrony-RA, and 13-ci.s-RA concentrations in serum 
were <2 ng/ml for calves in both groups during the experimental period, treated calves 
frequently had lower (P_< 0.05) concentrations of these isomers (Figure 2, b, c, and d). 
Concentrations of IgGl in serum were unaffected by treatment (P > 0.05; Rgure 4). 
Immunoglobulin G1 was undetectable at birth, increased to >1500 mg/dl by d 2, and remained 
unchanged for the duration of the experimental period in control and treated calves. 
Composition ofMNL Populations 
The composition of MNL populations, secretion of polyclonal IgM and IFN-y, and DNA 
synthesis by MNL were unaffected by the diet based on coconut oil (P > 0.05). The results 
described subsequently are representative of calves from both treatment groups. 
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Percentages of MNL that expressed specific cell-surface markers are shown in Table 2. 
There were significant {P = 0.0001) day-related changes in the percentage of positive MNL that 
expressed CD3, yb T cell receptor, B cell, and major histocompatibility complex (MHC) class 
II antigens. The other antigens did not change with time. The MNL populations from 1-d-old 
calves had higher percentages of CD3* cells than did 3- or 4-d-old calves (P < 0.0002; Figure 
5a). Percentages of yb T cells in the MNL population from 1-d-old calves were higher when 
compared with MNL from 2-, 3-, 4-, and 7-d-old calves and in newborn calves. (P < 0.0005; 
Figure 5b). Mononuclear leukocytes isolated from 1-d-old calves had higher percentages of B 
cells when compared with MNL from calves at birth and with MNL from calves at 6- and 7-d 
of age (P < 0.0007; Figure 5c). Conversely, the percentage MHC class II antigen"^ cells in 
MNL populations from 1-d-old calves was lower than that in MNL populations from 2-, 3-, 
and 4-d-old calves (P = 0.0001; Figure 5d). 
A strong positive correlation between percentages of monocytes and MHC class II 
antigen"^ cells was detected (r = 0.81; P = 0.0001), and a negative correlation between MHC 
class II antigen"^ cells and CD3* (r = -0.47; P = 0.0001) or CD4* cells (r = -0.46; P = 0.0001) 
was detected. 
Mononuclear populations from neonatal calves had significantly higher percentages of 
CD4* and CD8"^ T cells, yb T cells, and monocytes, and lower percentages of B cells when 
compared with MNL populations isolated from adult cows (P < 0.05; Table 2). 
In Vitro Secretion ofIgM by MNL 
Cultures of MNL from neonatal calves were unresponsive to mitogenic stimulation in 
terms of secretion of IgM. These cultures secreted a mean of 2.7 + 0.5 ng/ml of IgM, which 
remained relatively unchanged over the 7-d period. Although secretion of IgM by unstimulated 
cell culmres from adult cows was similar to secretion by unstimulated cell cultures from calves, 
cells from adult cows that were stimulated with PWM secreted 5 to 6 times more IgM than did 
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MNL from calves that were stimulated by PWM (Figure 6a). 
In Vitro Secretion of I FN-y by MNL 
In the calf, MNL stimulated by PWM secreted more (P = 0.0004) IFN-y than parallel, 
unstimulated cultures. Interferon-y secretion by unstimulated calf MNL remained low and 
unchanged (<55 pg/ml) during the 7-d period. Cells from 1- to 4-d-old calves that were 
stimulated with PWM secreted less IFN-y than did cells from precolostial (d 0) and 7-d-old 
calves (P = 0.003; Figure 6b). 
Although IFN-y secretion by unstimulated cells from adult cows was similar to secretion 
by unstimulated cells from neonatal calves, cells from adult cows secreted 100-fold more 
IFN-y when stimulated with PWM (8688 + 1616 pg/ml vs. 73 + 4 pg/ml produced by MNL 
stimulated by PWM in the calf). 
In Vitro DNA Synthesis by MNL 
Calf leukocyte cultures stimulated with PWM or concanavalin A incorporated significantly 
greater amounts of [^H]-thymidine than did parallel unstimulated cultures (P = 0.0001). In 
calves, synthesis of DNA in cell cultures stimulated with concanavalin A was greater than that 
in parallel cell cultures stimulated with PWM (P = 0.002; Figure 7b). Synthesis of DNA by 
unstimulated and mitogen-stimulated cultures of cells from 3- and 4-d-old calves was lower 
than synthesis by cells from calves at birth (d 0) (P = 0.0001; Figure 7a). The magnitude of 
mitogen-induced DNA synthesis in cultures employing cells from calves and adults was similar 
(Figure 7b). 
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Discussion 
In this study, we have shown that it is possible to abrogate the normal and progressive 
elevation in serum RA and other retinoids seen in calves during the 1st wk postpartum by 
depriving newborn calves of the natural fat fraction of the colostrum and milk. The treatment 
did not affect serum IgGl concentrations or the composition and functional capacities 
peripheral blood MNL from these calves. However, this treatment prevented the rise in serum 
fat-soluble vitamins or their metabolites as seen in control calves that were fed intact colostrum 
and milk. Although calves fed the coconut oil-based diet had lower concentrations of the cis 
isomers of RA in the serum when compared to calves fed the control diet, serum all-/ra^-RA 
levels were comparable. Further studies are needed to elucidate these effects. The treatment did 
not affect serum 25(OH)D, but it resulted in lower concentrations of l,25(OH)2D in serum. 
The lack of effect of the treatment on serum 25(OH)D concentrations could be due to the fact 
that the diet was not a significant source of this vitamin. The elevation in serum l,25(OH)2D 
seen in 1- and 2-d-old calves is in agreement with earlier reports which indicate that low plasma 
calcitmi levels at birth activate the 1-a-hydroxylase enzyme and cause the generation of 
l,25(OH)jD from 25(OH)D (12, 16). 
Treatment of neonatal calves with this coconut oil-based diet resulted in significant 
alterations in serum fat-soluble vitamins or their metabolites without affecting either passive 
immimity or immune function. All animals were clinically normal during the experimental 
period. Thus, this would be an appropriate model system to characterize further the events in 
vitamin A metabolism in the neonatal calf, after ensuring that the other fat-soluble vitamins 
meet dietary requirements. This approach could also be used to study the role of specific fat-
soluble vitamins in neonatal calf physiology. 
Major changes in the composition and function of peripheral blood MNL were seen in all 
calves during the 7-d period. These changes have not been previously reported. Conceivably, 
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newborn calves had reserves of fat-soluble vitamins in the liver or adipose tissue that would 
meet their requirements during short-term depletion of these vitamins imposed by the treatment 
Measurement of these vitamins in serum would not indicate the presence of these reserves. It 
is possible that cells of the immime system had an adequate supply of these vitamins, which 
could explain why the treatment did not affect the immune parameters monitored. Long-term 
treatment of pregnant cows and their newbom calves with a diet that was free of fat-soluble 
vitamins would deplete any reserves the calves might have, allowing the effects on the immune 
system to be seen. 
Results from the phenotypic analysis of calf MNL populations in this study support earlier 
reports indicating that neonatal ruminants have higher percentages of circulating yb T cells (14) 
and lower percentages of B cells (24) than adult cows. Although mitogen-induced 
lymphoproliferative responses of calf MNL were similar to the responses of MNL from adults, 
functional capabilities (i.e., IFN-7 and IgM secretion) were much lower. Observations in 
humans and mice indicating that neonates have a greater proportion of naive T cells, T cells 
capable of suppressing Ig production by B cells (10), and also antigen-presenting cells with 
ineffective costimulatory function (35) and lower cytokine-producing capabilities when 
compared with adults (36) might explain these results. In contrast to the strong positive 
correlation seen between the percentage of CD3* and yS T cells and the abihty of the cultures of 
MNL from adult cows to secrete IFN-y (30), MNL from 1-d-old calves had the highest 
percentages of CDS* and yb T cells but diminished capacity to produce IFN-y. Qualitative 
differences between neonatal and adult lymphocytes mentioned previously could account for 
these differences. 
A dramatic day-to-day effect was seen in the ability of the calf MNL to undergo 
lymphocyte proliferation, in the ability of the calf MNL to secrete IFN-y in culture, and in the 
percentages of cells expressing specific antigens. There was a decline in the percentage of 
MHC ir cells in the MNL within the first few days after birth. In addition, there was a strong 
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positive correlation between MHC ir cells and the percentages of monocytes in these MNL 
populations and a strong negative correlation between MHC IF cells and CD3* and CDA* 
lymphocyte subsets. Stimulation of bovine MNL by PWM preferentially enhanced 
proliferation of CD4* T lymphocytes (11, 21). Thus, in this system, the CD4* T cells were 
likely the major secretors of IFN-y. A less than effective accessory cell function, i.e., lesser 
numbers of MHC IF antigen-presenting cells or lower antigen-presenting cells to T cell ratios 
might have contributed to the reduced proliferation and secretion of IFN-y by MNL from these 
calves. 
Colostrum contains higher concentrations of immimosuppressive factors such as Cortisol, 
prostaglandins, and transforming growth factor-p when compared with milk (13) which may 
have contributed to the suppression in lymphocyte proliferation and IFN-y production seen 
within the first 4 d after birth. Serum l,25(OH)2D was also elevated (~ 0.1 ng/ml) in these 
calves at 1 to 2 d after birth. Supplementation of cultures of MNL from adult cattle with similar 
concentrations of this compoimd inhibited cell proliferation, decreased the numbers of MHC ir 
and interleukin-2 receptor^ cells (27), and suppressed IFN-y secretion (1). The calf also has 
elevated plasma corticosteroid concentrations at birth (>8 ng/dl), which decrease to <4 ng/dl 
within 24 h (19). Corticosteroids have profoimd immimosuppressive effects, presumably 
because they inhibit the activity of transcription factor nuclear factor KB, which is needed for 
the expression of numerous molecules of the immune system (2). Dexamethasone suppresses 
IFN-y and IgM secretion by mitogen-stimulated peripheral blood leukocytes in adult dairy 
cows (30). Thus, these different factors could have contributed to the observed decrease in 
IFN-y secretion, or MHC II expression, or both, as well as to the diminished 
lymphoprohferative responses of the MNL isolated from 1- to 4-d-old calves. The synthetic 
corticosteroid, dexamethasone, has been shown to affect adhesion molecule expression in 
lymphocytes from 15-month-old dairy bulls (6). Expression of adhesion molecules on 
peripheral blood MNL could have been influenced by circulating glucocorticoids in 1-d-old 
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calves. This may have led to the retention of T and B lymphocytes in circulation, resulting in 
higher percentages of these populations in 1-d-old calves. 
Conclusions 
The coconut oil-based diet fed to newborn calves, is a model system that could be further 
manipulated and used to characterize the events in the metaboUsm of fat-soluble vitamins in the 
neonate. Also, the treatment could be extended over longer periods of time to study the effects 
of deficiency of one or more of these vitamins on immune responsiveness in calves. 
These results suggest that there is a window in the first few days postpartum when several 
factors contribute to an immunosuppressed state in the calf, making it highly susceptible to 
infectious disease. This situation is similar to the immunosuppression seen in the dam in the 
postpartal period; the calf MNL regain their functional and proliferative abilities by the end of 
the 7-d period. Dramatic physiologic changes occur in the neonatal calf in the first few days 
after birth. 
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Table I. ConcetUratioiis of fat-soluble vitamins (ng/ml) in pooled colostrum and milk fed to calves. 
Source Relinol P-Carotene a-Tocopherol 25(OH)D' l,25(OH),D-
Colostrum 
Normal 36 317 4602 ND' 0.0667 
Skim 28 70 365 ND 0.0496 
Milk 
Normal 103 5 1819 ND 0.0388 
Skim 5 ND 216 ND 0.023 
' 25-hydroxyvitamin D 
" 1,25-hydroxyvitamin D 
' Not detected 
Table 2. Expression of surface antigens by mononuclear leukocytes (MNL) from (he blood ol" calves and adult 
dairy cows. 
Neonatal calves' Adult cows" 
Percentage of MNL expre.ssing antigen 
Leukocyte antigen Antibody X SEM X SEM P' 
CD3 MMIA 47.0 5.0 36.5 2.9 NS' 
CD4 GC50A1 20.0 2.4 13.3 0.9 0.05 
CD8-a BAQlllA 28.0 4.0 19.1 1.5 0.03 
y5 T cell receptor CACT61A 23.0 4.0 9.4 1.0 0.0014 
B cell antigen BAQ155A 16.7 2.4 45.0 3.0 0.0001 
Monocyte antigen BAQ151A 41.0 11.0 13.0 1.6 0,001 
MHC' class 11 THMB 46.0 7.0 54.0 4.0 NS 
Inlerleukin-2 receptor CACTI 08 A 47.7 7.0 63.0 5.0 NS 
Mean percentage of cells from 12 calves, each sampled for 7 consecutive d after birth. 
Mean percentage of cells from two adult cows, sampled on eight separate days. 
Probability that calves differed from adults. 
P > 0.05 (not significant). 
Major Hi.stocompatibility Complex. 
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Figure 1. Concentrations of retinol (panel a), P-carotene (panel b), and a-tocopherol (panel c) 
in serum of neonatal calves treated with normal (D) or skinuned (H) colostrum and milk for 
7d. Abscissa represents the age of the calves from which the serum was isolated. Means with 
different superscripts differ {P < 0.01). 
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Figure 4. Serum IgGi concentrations in neonatal calves treated with normal (•) or skimmed (B) colostrum and milk for 7d. 
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CHAPTER 4. EFFECT OF DIETARY VITAMIN A AND E ON 
NITRIC OXIDE PRODUCTION BY PERIPHERAL BLOOD 
MONONUCLEAR LEUKOCYTES FROM NEONATAL 
CALVES 
V. Rajaraman', B. J. Nonnecke^, and S. T. Franklin^ 
A p^r to be submitted to Veterinziry Immunology and Immunopathology 
Abstract 
Several aspects of the immune system are less efficient in newborn animals than in adults. 
Increasing antigen exposure apparently results in the maturation of the adaptive immime 
response. It is not clear how the irmate immune system becomes more competent with 
increasing age. Fat-soluble vitamins and their metabolites modulate immune fimction in 
animals. Optimal production of nitric oxide (NO), a component of innate immunity, is required 
for signal transduction (at lower concentrations) and microbial killing (at higher concentrations) 
whereas excessive NO production is toxic to cells. The objective of this study was to evaluate 
the ability of peripheral blood mononuclear leukocytes (MNL) from newborn calves to produce 
NO and the effects of manipulating the dietary levels of vitamin A and E on this response. 
Calves were fed either 100 lU/d of vitamin E in the form of d-a-tocopherol or d-a-tocopheryl 
acetate and either 0,1,7CX) (NRC recommended level), 34,000 or 68,(X)0 lU/d of vitamin A 
(retinyl acetate). Unstimulated MNL from calves fed d-a-tocopherol and either 1,700 lU/d or 
' Graduate student, Immunobiology Program, Iowa State University. 
- United States DepL of Agriculture, Agricultural Research Service, National Animal Disease Center, Ames, 
lA. 
^ Department of Dairj' Science, South Dakota State University, Brookings, SD. 
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34,000 lU/d of vitamin A produced the least amounts of NO and responded similarly to MNL 
from adult cows. High NO production by unstimulated MNL may be a characteristic feature of 
the neonatal immune system and may be detrimental. Optimal intake of vitamins A and E may 
be essential for maintaining low NO production in the absence of stimulation. The MNL from 
1-wk-oId calves produced less NO and were less responsive to stimuli than older calves. 
Responses at 1 wk of age may have been suppressed by factors in the ingested colostrum or in 
the circulation of the calves. 
Abbreviations 
FBS = fetal bovine serum, IFN-y = interferon-y, HBSS = Hanks' balanced salt solution, 
MNL = mononuclear leukocytes, L-NMMA = monomethyl L-arginine, NO = nitric oxide, 
NOS = nitric oxide synthase, PWM = pokeweed mitogen, RA = retinoic acid 
Keywords 
Nitric oxide, neonate, calf, vitamin A, vitamin E 
Introduction 
Newborn animals are more susceptible to infectious diseases than adults (Burgio et al., 
1989) The adaptive immune system of the neonate is physiologically immature and its 
maturation appears to be induced by antigen exjjosure. Aspects of the innate immune system 
such as complement components and neutrophil chemotaxis (Quie, 1990), the capacity of 
monocytes to produce cytokines (Schibler et al., 1992) and costimulatory activity of antigen 
presenting cells (Ridge et al., 1996) are also diminished in the neonate. 
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Nitric oxide (NO) production is one important component of innate immune system which 
has not been well-studied in neonates. Nitric oxide synthases (NOS) produce NO by the 
oxidation of one guanido nitrogen of L-arginine. Several isoforms of this enzyme have been 
identified and can be broadly divided into 2 categories: constitutive NOS (cNOS) and inducible 
NOS (iNOS). Constitutive NOS is normally expressed in cells and generates small amounts of 
NO for short periods of time in response to increases in intracellular calcium. Inducible NOS 
is absent in resting cells and can be induced in a variety of cell types including 
monocytes/macrophages, keratinocytes, hepatocytes, kidney cells etc., by stimuli such as 
bacteria, cytokines, hormones, lipoproteins (Mohan and Desaiah, 1994; Dugas et al., 1995a) 
etc. Once expressed, iNOS can generate for extended periods a large amount of NO. When 
produced in low quantities NO acts as an intracellular signaling molecule or as a 
neurotransmitter. When produced in higher quantities for longer periods of time, NO acts by 
itself or in conjunction with oxygen radicals, hydrogen peroxide or glutathione and plays a role 
in the killing of microorganisms and tumor cells (Nathan, 1995) and in hematopoiesis (Ouaaz, 
1995). The chronic production of high levels of NO associated with superoxide production 
leads to the production of toxic radicals such as peroxynitrites which participate in damage to 
cell membranes, inflanmiation and apoptosis. 
Expression and activity of iNOS in monocytes/macrophages is regulated in a species-
specific manner. In rodent macrophages, but not in human or bovine macrophages, iNOS is 
strongly induced by interferon-y (IFN-y), lipopolysaccharides (LPS) or timior necrosis factor-
a (Dugas et al., 1995a). Human monocytes produce NO by inducing the cross-linking of 
FcRylll (CX)23) (Dugas et al., 1995b). In bovine macrophages, iNOS is induced by heat-
killed gram-positive or gram-negative bacteria and by combinations of endotoxin and cytokines 
(AdIer et al., 1994; Mason et al., 1996; Zhao et al., 1996). 
Vitamin A (Ross, 1992) as well as vitamin E (Chew, 1995) play a role in resistance to 
infectious diseases. Retinoic acids (metabolites of vitamin A) bind to cognate nuclear receptors 
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in a variety of cell types and influence gene expression (Mangelsdorf, 1994). Retinoic acids 
inhibit the in vitro production of NO from L-arginine by murine macrophages (Mehta et al., 
1994) and human keratinocytes (Becherel et al., 1996). In contrast, iNOS and NO production 
are induced by a combination of retinoic acids and vitamin D in a promonocytic cell line and 
inhibition of NO prevents differentiation of this cell line induced by these compounds (Dugas et 
al., 1996). Thus, regulation of NO production by RA may be influenced by the stage of 
differentiation of the cell and other compounds in the intracellular environment Antioxidants 
like vitamin E protect cells from the toxic effects of NO by scavenging reactive nitrogen 
radicals (Burkart et al., 1995; Kondo et al., 1997). y-Tocopherol is more efficient than a-
tocopherol at detoxifying higher oxides of NO like nitrogen dioxide (Cooney et al., 1993). 
Newborn calves have very low concentrations of vitzunin A metabolites and a-tocopherol 
(vitamin E) in serum. With age, these serum components increase, and adult levels are attained 
(Herdt and Stowe, 1991). Colostrum, milk, formulated diets and injections containing 
retinoids are major sources of these vitamins for the neonatal calf (Tomkins and Jaster, 1991). 
Supplements are usually in the form of retinyl (vitamin A) and tocopheryl (vitamin E) esters 
which are acted upon by intestinal hydrolases prior to absorption by enterocytes. Increased 
dietary vitamin A (retinyl acetate) decreases the plasma concentrations of a-tocopherol 
(Nonnecke et al., 1995) presumably by competing with a-tocopheryl ester for intestinal 
hydrolases. The alcohol form of vitamin E could bypass intestinal hydrolases and be absorbed 
directly. 
The objective of this study was to evaluate the effect of different dietary levels of vitamin 
A on the ability of MNL from the peripheral blood of calves, to produce NO. It is common 
practice in dairy farms in the United States to feed to young calves milk replacer with 10 to 20 
times higher levels of vitamin A than the daily allowance recommended by the National 
Research Council (NRC). Therefore, in this study, groups of calves were fed either no 
vitamin A (retinyl acetate), 1,700 lU/d (NRC recommended levels), 34,000 lU/d (20 times the 
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NRC levels) or a very high dose of vitamin A (68,000 lU/d). Calves were also fed 100 lU/d 
of either the alcohol (d-a-tocopherol) or ester (d-a-tocopheryl acetate) form of vitamin E. 
Materials and Methods 
Calves 
Fifty-six colostrum-deprived Holstein bull calves were transported to the dairy research 
farm at the South Dakota State University (SDSU), Brookings South Dakota where they 
remained throughout the experimental period. Within 12 h of birth, all calves were fed pooled 
colostrum at 5% of their body weight They were subsequently fed milk replacer twice daily 
(at 5% of body weight /feeding, formulated without exogenous vitamin A or E, Milk 
Specialties Inc., Dundee, IL). Calves were weighed once a week and the amount of milk 
replacer was adjusted for any weight gain or loss. Combinations of vitamins A and E (Stuart 
Inc., Bedford, TX) were mixed with double distilled water and added to the milk replacer at the 
concentrations indicated in Table 1. Six or seven animals were assigned to each group (Table 
1). Procedures involving the calves were approved by the Institutional Animal Care and Use 
Committee of the South Dakota State University, Brookings, SD. 
Blood collection and isolation of mononuclear leukocytes (MNL) 
Calves were bled by jugular venipuncture. They were bled for the first time on the first 
Thursday or Monday after birth (4 + 3 days of age) and weekly thereafter until one month of 
age. Blood was collected into 10% (vol./vol.) 2x acid-citrate-dextrose and shipped overnight 
at room temperature to the National Animal Disease Center, ARS, USDA, Ames, lA where 
they were further processed. Blood from 10 adult Holstein cows was collected processed the 
same way. 
Mononuclear leukocytes (MNL) from peripheral blood from cows or calves were isolated 
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and enriched by density gradient centrifugation as described previously (Nonnecke et ai., 
1991). Erythrocytes were eliminated by hypotonic lysis prior to densitv' gradient centrifugation 
of buffy coat cells. The MNL were resuspended in RPMI 1640 medium (Gibco Laboratories, 
Grand Island, NY), supplemented with 2 mM L-glutamine (Sigma Chemical Co., SL Louis, 
MO), antibiotics (100 U/ml of penicillin and lOO ng/ml of streptomycin), and antimycotics 
(0.25 ng/ml of amphotericin B) (Sigma Chemical Co). 
Cell culture 
Mononuclear leukocyte cultures were established in flat-bottomed, 96-well polystyrene 
tissue culture plates seeded with 2.0 X 10^ cells per ml in a final volume of 200 fxl E^MI 
containing 5% volume/volume of heat-inactivated fetal bovine serum (FBS) (Hyclone 
Laboratories, Inc., Logan, UT). 
Cell cultures were either unstimulated or stimulated with 4 ng/ml pokeweed mitogen 
(PWM; Sigma Chemical Co., SL Louis, MO), or 75 ng/ml of sonicated Cryptosporidium 
parvum oocysts in phosphate buffered saline (kindly provided by Dr. J. A. Harp, NADC, 
ARS, USDA) or 200 ng/ml (wet weight) of heat-killed Salmonella typhimurium (kindly 
provided by Dr. T. J. Stabel, NADC, ARS, USDA). Cultures were incubated at 39^0 in a 
humidified atmosphere of 5% C02- Supematants from cultures were harvested after 
centrifuging tissue culture plates (620 x g, 21^0,5 min). Replicate cultures were established 
such that supematants could be harvested at 24,48 and 96 hours after establishing cells in 
culture. There were 2 wells representative of each treatment. 
In vitro production of nitric oxide 
The amount of stable nitrite, the end product of NO generation was determined by the 
method of Green et al (Green et al., 1982). The assay was performed in 96-well microtiter 
plates (Immunolon 2, Dynatech Laboratories, Inc., Chantilly, Virginia). Culture supernatant 
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(100 ^I) was mixed with 100 m.1 of Griess reagent (0.5% sulfanilamide (Sigma Chemical Co., 
St. Louis, MO) in 2.5% phosphoric acid (Mallinckrodt Chemicals, Inc., Paris, Kentuck\') and 
0.05% N-(l-naphthyl)ethylenediaminedihydrochIoride (Sigma Chemical Co., SL Louis, 
MO)). The mixture was incubated at room temperature (21^C ) for 10 minutes. Absorbances 
of test and standard wells were measured at 570 nm using an automated ELIS A plate washer 
and reader (Dynatech, Guernsey Chaimel Islands, UK). All dilutions were made using culture 
medium (RPMI 1640 with 2mM L-glutamine and 5% FBS). Absorbance of test samples was 
converted to |xM of nitrite by comparison with absorbance values of sodium nitrite (Rsher 
Chemicals, Fair Lawn, NJ) standards within a linear curve fit. 
N^-monomethyl-L-arginine (L-NMMA), a competitive inhibitor of the enzyme NOS, was 
used as a negative control. 1.15 mM N^-monomethyl-L-arginine monoacetate (Calbiochem, 
La Jolla, CA) (equimolar to the amount of L-arginine in the culture medium) was added to 
parallel unstimulated or stimulated cultures in order to verify that the nitrite produced was a 
result of the specific activity of NOS. 
In vitro production of interferon-y 
Supematants from identically stimulated 48 h MNL cultures (3 wells/treatment) without 
L-NMMA were collected, pooled by animal, and stored at -80°C for determination of 
interferon-Y (IFN-y). Interferon-y was measured using an IF^-y capture ELISA as reported 
previously (Ametaj etal., 1996). Absorbance of standards, controls, and test samples was 
determined at 410 and 490 nm (test filter, 410 imi; reference filter, 490 nm) using an automated 
ELISA plate washer and reader (Dynatech MR7000; Dynatech Laboratories Inc.). Interferon-y 
in test samples was determined from a standard curve of absorbance regressed on the IFN-y 
concentration for the dilution of the test sample that gave absorbance readings falling in the 
linear portion of the curve. The IFN-y concentration in culture supematants was calculated by 
multiplying the value from the standard curve by the dilution factor and was expressed as 
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nanograms per milliliter. 
Statistical Analysis 
Data were analyzed by a split-plot type of repeated measures ANOVA using the General 
Linear Models procedure of SAS (Release 6.10, The SAS Institute Inc., Gary, NC). The 
statistical model included effects of dietary supplementation with vitamins A and E and their 
interactions, and also the effects of the age of the calves, the in vitro stimulation of MNL, time 
of harvest and the various interactions. Statistical significance was declared at P < 0.05. When 
the main effects or interactions were significant, indicated significant differences were taken 
from the matrices of the Student's two sample f-test that accompanied the least square means 
from the ANOVA of data. 
Results 
In vitro production of nitric oxide 
Addition of L-NMMA reduced the nitrite production by 95-100% in all cultures indicating 
that the nitrite secreted was due specifically to the activity of NOS (data not shown). 
The MNL cultures from calves that were fed d-a-tocopherol (Groups 1-4) produced lower 
levels of L-arginine-dependent nitrite (11.4+ 0.4 |xM) than MNL from calves that were fed d-
a-tocopher>'l acetate (Groups 4-8) (15.2 + 0.5 ^iM) (P = 0.(B). Unstimulated MNL from 
calves belonging to Groups 2 and 3 secreted significantly less nitrite than unstimulated MNL 
from calves in Group 1 (P = 0.01) (Fig. la). There were no significant differences in the 
magnitude of nitrite production by unstimulated MNL from calves that were fed d-a-tocopheryl 
acetate (Groups 4-8) (P > .05). Responsiveness to in vitro stimuli (e.g. PWM, C. parvum 
oocysts or heat-killed S. typhimurium) were not different between groups 4-8 (Fig. lb, c, d). 
Blood MNL that were stimulated with either PWM or heat-killed 5. typhimurium 
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prcxluced about 1.5 to 2-fold higher levels of nitrite than parallel unstimulated MNL (P = 
0.0001) (Rg.la, b). Mononuclear leukocytes stimulated with C parvum oocysts produced 
amounts of nitrite similar to parallel unstimulated cultures. Mononuclear leukocytes from all 
calves produced greater amounts of NO between 24 and 48 h than between 48 and 96 h in 
culture (P = 0.0001) (Rg. 2a, b, c). 
Mononuclear leukocytes from Holstein cows were not responsive to stimuli after 24 h in 
culture. After 48 or 96 h in culture, MNL stimulated with either PWM or heat-killed bacteria 
produced 1.5-2 fold greater amounts of nitrite than parallel unstimulated MNL (Fig3). In 
general, nitrite produced by unstimulated adult MNL was lower than the amounts produced by 
unstimulated MNL from calves (Rg.3). At the end of the experimental period, nitrite 
production by unstimulated MNL from calves in Groups 2 and 3 was the most similar in 
magnitude to those of cows. The kinetics of this response differed between calves and adults. 
Calf MNL responded to stimuli (either PWM or heat-killed bacteria) within 24 h in culture, 
whereas responses of adults to these stimuli were apparent only at 48 h (Fig.4). 
Production of nitrite by MNL from older calves was greater than that of MNL from 1 wk-
old calves (P = 0.02) (Rg.2 a, b, c). The MNL from 2 to 5 wk-old calves were more 
responsive to stimuli (PWM or heat-killed S. typhimurium ) than MNL from 1-wk-old animals 
(P< 0.0005) (Rg.l a, b, c). 
In vitro production of interferon-y 
Interferon-Y production by calf MNL was unaffected by age or type of dietary 
supplementation (P > 0.05). The MNL from adult cattle produced 2 to 2.5 times higher IFN-y 
than MNL from calves, when stimulated with PWM (P = 0.0001). C.parvum oocysts did not 
induce IRNI-Y secretion by calf or adult MNL. In response to heat-killed S.typhimurium, MNL 
from calves and adults produced 3-4-fold higher IFN-y than parallel unstimulated cultures. 
There was no correlation between L-arginine-dependent NO production and IW-Y production 
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in these MNL cultures (Fig. 5). 
Discussion 
Circulating MNL from neonatal calves as well as adult cows responded similarly to stimuli 
such as PWM or heat-killed bacteria in terms of the fold-increase in nitrite production. 
Pokeweed mitogen and heat-killed bacteria induced 1.5 to 2.0-fold higher amounts of nitrite 
than parallel unstimulated cultures in MNL from calves as well as adult cows. However the 
kinetics and the absolute magnitudes of the responses were different Mononuclear leukocytes 
from calves responded to stimuli earlier (within about 24 hr in culttire) than MNL from adults 
(within about 48 h in culture). Our data indicates that the baseline production of NO was 
higher in calves than in adults. This may be a characteristic feature of the neonatal immune 
system. 
Nitric oxide secretion was shown to play a role in decreasing fecal shedding of C. parvum 
oocysts in nude mice (Leitch and Ho, 1994). Sonicated Cryptosporidium parvum oocysts did 
not induce nitrite production in calves or cows. This preparation has been shown to induce in 
vitro blastogenesis of splenocytes (Whitmire and Harp, 1990) 2md in vitro IFN-y secretion by 
CDA* T cells (Harp et al., 1994) from mice previously exposed to C. parvum. The sonicated 
oocysts did not induce IFN-y secretion by calf MNL in this study. Conceivably, repeated 
exfXDSure of the calves to C. parvum is necessary to induce both IFN-y and NO in MNL in 
vitro. 
Blood MNL from 1-wk old calves produced lower levels of nitrite than older calves. 
Responses of these animals could have been suppressed by factors such as prostaglandins or 
transforming growth factor-p in the colostrum (Grosvenor et al., 1993) or by glucocorticoids 
in the circulation (LaMotte and Eberhart, 1976) of these animals. 
Mononuclear leukocytes from calves that were fed the alcohol form of vitamin E (Groups 
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1-4) (Table 1) produced lower amounts of L-arginine-dependent nitrite than calves that were 
fed the ester form of the vitamin (Groups 5-8). Horwitt et al (Horwitt et al., 1984) showed that 
serum a-tocopherol concentrations after ingestion of equivalent amounts d-a-tocopherol or d-
a-tocopheryl acetate are similar 24 h after ingestion. However, the rise in serum a-tocopherol 
is more rapid when d-a-tocopherol was ingested. Thus, it is possible that, in this experiment, 
calves which were fed the alcohol fonn of vitamin E experienced a more rapid rise in serum a-
tocopherol than calves that were fed the ester form of the vitamin. It is not known whether the 
form of vitamin E ingested influences conversion to y-tocopherol, a compound which is more 
efficient than a-tocopherol in reducing oxidation products of NO (Cooney et al., 1993). It can 
be hypothesized that in calves that were fed d-a-tocopherol, the oxidation of NO to nitrite 
could have been diminished due to the anti-oxidant activity of either a- or y-tocopherol. 
Although nitrite does not contribute to microbial killing within the cell, it may be reduced to NO 
within lysosomes (Nathan, 1995). Also, other oxidized forms of NO such as peroxynitrite 
mediate microbial killing at optimal concentrations and cause cell damage at higher 
concentrations. Vitamin E protects cells from the toxic effects of oxidized forms of NO such as 
peroxynitryl radicals (Kondo et al., 1997) and nitrogen dioxide (Cooney et al., 1993). Thus, 
cells with greater levels of vitamin E may on the one hand have had decreased efficiency of 
intracellular killing or on the other hand lesser damage due to oxidized products of NO. 
Among the animals that were fed d-a-tocopherol, calves that were fed no vitamin A 
(Group 1) had MNL which produced the highest levels of nitrite even in the absence of stimuli 
such as PWM or heat-killed bacteria. Studies with chickens show that the RA content of blood 
leukocytes gradually increase with vitamin A intake. However, expression of mRNA for 
retinoic acid receptor-a (RAR-a) increases initially with increase in RA and declines at higher 
levels (Halevy et al., 1994). Thus, at very low or very high levels of RA as seen at very low 
or very high vitamin A intake respectively, responsiveness to RA may be poor. Retinoic acid 
inhibits NO production in rodent macrophages (Mehta et al., 1994) and human keratinocytes 
85 
(Becherel et al., 1996). Higher levels of NO seen in the case of animals with no vitamin A or 
high vitamin A intake could have been due to lack of inhibition of iNOS by RA via its receptor. 
There were no differences in NO production by MNL from calves that were fed d-a-tocopheryl 
acetate and the different levels of vitamin A. 
The production of high levels of NO in the absence of stimulation may be a characteristic 
feature of the physiologically immature inmiune system of the newbom calf. As the animal 
ages, the baseline levels of NO produced by unstimulated MNL could become lower as seen in 
adult cows. Uncontrolled and chronically high levels of NO may be detrimental. Nutrients 
such as vitamin A and vitamin E may play an important role in regulating NO produced by a 
quiescent system. It is possible that optimal amounts of RA (acting at the level of transcription 
of iNOS) as well as either a-tocopherol or v-tocopherol (reacting with products of NO) are 
necessary to maintain the low levels of NO production seen in unstimulated MNL from adult 
animals. Optimal concentrations of vitamins A and E may have been achieved in calves that 
were fed ICXD lU/d of d-a-tocopherol and either 1,700 or 34,000 lU/d of retinyl acetate, since 
MNL from calves in these groups produced amounts of nitrite similar to normal adult MNL in 
the absence of stimulation. 
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Table 1. Treatment groups. 
(100 lU/d) (Retinyl acetate; lU/d) 
d-a-Tocopherol 0 1,700 34,000 68,000 
(Group 1) (Group 2) (Group 3) (Group 4) 
(n=6) (n=6) (n=7) (n=7) 
d-a-Tocopheryl 0 1,700 34,000 68,000 
acetate (Group 5) (Group 6) (Group 7) (Group 8) 
(n=7) (n='^ (n=6) (n=7) 
90 
2 5 ^  
1,700 34,000 68,000 
Retinyl acetate; lU/d 
Figure I. Mean nitrite production Gt SEM) by peripheral blood MNL from calves that were 
fed with 100 lU/d of d-a-tocopherol (solid bars) or d-a-tocopheryl acetate (open bars). 
Mononuclear leukocytes were either unstimulated (a) or stimulated with PWM (b), C. pai'vum 
oocysts (c) or heat-killed S. typhimurium. (d) in vitro. 
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Figure 2. Mean nitrite production (+ SEM) by calf peripheral blood MNL that were either not 
stimulated (open squares), or stimulated with PWM (open triangles), C.parvum oocysts (x), or 
heat-killed S. typhimurium (closed circles) for 24 (a), 48 (b) or 96 (c) hours in vitro. 
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Figure 3. Mean in vitro nitrite production (+ SEM) by unstimuluted blood MNL from cows (open squares) or from 4-5-wk-old 
calves that were fed 100 lU/d d-a-tocopherol and NRC recommended or 20X NRC levels of vitamin A (closed circles), very low 
or very high levels of vitamin A (open diamonds) or 100 lU/d d-a-iocopheryl acetate (closed triangles). 
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Figure 4. Mean nitrite production (± SEM) by calf (a) or cow (b) MNL. The MNL were either 
unstimulated (open bars) or stimulated with PWM (hatched bars) or C. parvum oocysts (dotted 
bars) or heat-killed S. typhimurium (solid bars). 
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Figure 5. Mean IFN-y produclion {+ SEM) by peripheral blood MNL that were either unstimulated (open bars) or stimulated with 
PWM (hatched bars)  or  C.parvum oocysts  (dol led  bars)  or  heat -k i l led  S.typhimKr iun i  (sol id  bars)  in  v i i ro .  
95 
CHAPTER 5. GENERAL CONCLUSIONS 
Conclusions 
Vitamin A is a fat-soluble vitamin which has been associated with resistance to disease 
since the early 1900s. Metabolites of vitamin A such as retinol and the retinoic acids (RAs) 
have been shown to mediate disease resistance by influencing different aspects of the immune 
system and other cell types. 
Newborn animals including newborn calves, are more susceptible to infectious diseases 
than adult animals. In addition, they have negligible stores of vitamin A in the liver and very 
low amounts of vitamin A in the circulation. In this dissertation we explored the possibility that 
the vitamin A status of the newborn calf influences its immune responses. 
Recently, newborn calves were shown to have high levels of circulating 9,\3-di-cis-
E^, a metabolite of vitamin A which has not been previously described in vivo. Also, this 
compound could be generated from or isomerized to 9-c/5-RA, which is a biologically active 
metabolite of vitamin A. 
These observations prompted us to evaluate the effects of 9,13-c//-cw-RA on different 
aspects of immune function of newborn calves. An in vitro (Chapter 2) and an in vivo 
(Chapter 3) approach indicated that this compound did not influence the immune responses 
monitored in these experiments. 9,13-Di-ci5-retinoic acid was shown to have little biologic 
activity (discussed in detail in Chapters 2 and 3). This could be one reason why it had 
negligible effects on immune responses in the newborn calf. Cantoma et al (1) showed that 
RAs decrease IFN-y production by T cell clones which are stimulated via the T cell receptor 
(TCR) complex and CD28 but not when stimulated via the TCR complex alone. Intracellular 
signaling pathways induced by mitogenic stimulus of lymphocytes (which was the system used 
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in our studies) may differ from intracellular signaling induced via TCR complex and CD28. 
The former pathway may be resistant to modulation by RAs, which may explain why no 
effects of 9,\3-di-cis-RA were seen. 
In the final set of experiments (Chapter 4) we evaluated the effects of vitamin A status 
of newborn calves on one aspect of innate immunity, i.e. the ability of peripheral blood 
mononuclear leukocytes to produce nitric oxide in response to stimuli. In order to achieve this, 
we manipulated the dietary levels of vitamin A in these animals. Since vitamin A was known 
to influence vitamin E status, the form of vitamin E fed to these animals was included as a 
variable in the experiment Among the calves that were fed the alcohol form of vitamin E, the 
responses of calves that were fed normal (i.e. levels reconmaended by the National Research or 
levels commonly fed to calves in dairy farms) levels of vitamin A were the most similar to 
those of adult cows. These results indicate that vitamin A may interact with other nutrients and 
promote the normal maturation of aspects of the innate immune system of newborn calves. 
Similarly, 9,13-d/-czj-RA may influence immune responses in conjunction with other 
nutrients. Future studies could address these questions. 
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